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Single crystal x-ray diffraction was used to study phase transitions in layered materials 
resulting from intercalation processes. Na vermiculite samples in the 0-, 1-, and 2-water layer 
hydration states (WLHSs) were examined. Buerger precession photographs revealed the 
formation of a (2a x 2b) superlattice (a=5.35, b~9.30 A) specfic to samples in the 1-WLHS. 
Previous Raman scattering experiments indicated that samples in the 1-WLHS may exhibit an in­
plane zone-folded phonon. The lattice constant doubling of the in-plane structure is attributed to 
an ordering of the intercalated cations in the interlamellar space. Hydration states were confirmed 
by well-established c-axis lattice constants.
High-Tc superconducting YBa2 Cu3 0 7 -*  (YBCO) samples with 0< x<1 were studied for 
structural characteristics. Tetragonal samples (x>0.6) were examined in high-pressure O2 
enviroments at ambient temperature using diamond anvil cells (DACs). High pressure was 
maintained for several weeks while in-plane lattice constants were monitored. The cell was heated 
at 180°C for 3 hours during the analysis. Some splitting of the in-plane Bragg peaks occurred 
during the pressure cycle, and is perhaps related to a fracturing of the sample under stress. The 
sample exhibited some change in the c-axis lattice constant after the procedure, indicating 
possible oxygen intercalation. Raman scattering experiments showed similar results.
High-Tc superconducting Bi2Sr2CaCu20s+x (BSCCO) single crystal samples were 
intercalated with iodine by heating at 150°-200°C for several days to produce a stage -1 
compound. The expansion of the IBi2Sr2CaCu2C>8+x (IBSCCO) compound in the temperature 
range 20°C-100°C was monitored. No phase transition to a higher staged compound was 
observed. The IBSCCO samples exhibited similar in-plane structure to the BSCCO samples, with 
b“5a=27.0 A. Raman experiments revealed the presence of molecular iodine.
A description of the x-ray diffraction (XRD) data acquisition and analysis software 







LIST OF FIGURES...................................................................................................................... vi
ACKNOWLEGEMENTS........................................................................................................... viii
Chapter 1. INTRODUCTION.................................................................................................... 1
Chapter 2. WATER AND CATION INTERCALATION IN Na VERMICULITE
2.1. Structure and Physical Properties.......................................................................7
2.2. Experimental Procedures.....................................................................................7
2.3. Conclusions.........................................................................................................12
Chapter 3. OXYGEN INTERCALATION IN YBa2 Cu3 0 7 -x
3.1. Structure and Physical Properties.....................................................................14
3.2. Experimental Procedures.................................................................................. 23
3.3. Conclusions.........................................................................................................35
Chapter 4. IODINE INTERCALATION IN Bi2Sr2CaCu208+x
4.1. Structure and Physical Properties.................................................................... 38
4.2. Experimental Procedures.................................................................................. 42
4.3. Conclusions.........................................................................................................50




A.2. Structure and Physical Properties...................................................................... 54
A.3. Experiment.......................................................................................................... 55














1.1. Staging in Intercalation Compounds................................................................................. 3
1.2. X-ray Diffraction System...................................................................................................... 6
2.1. Crystal Structure of Vermiculite Intercalation Compounds.............................................8
2.2. Depiction of Hydration States of Na Vermiculite............................................................ 10
2.3. Inelastic Neutron Scattering Data from Mg Vermiculite and Muscovite.......................13
3.1. Crystal Structures of YBa2Cu306 and YBa2 Cu3 0 7 .................................................... 16
3.2. Published YBCO Oxygen Content vs. Lattice Constants............................................ 18
3.3. Depiction of Oxygen Distribution in Tetragonal YBCO............................................... 20
3.4. Construction of the Peak Splitting in Orthorhombic Twinned YBCO.........................21
3.5. XRD Data Showing Lattice Constants of Tetragonal YBCO (x*=6.3).............................24
3.6. DAC Loading With O2 as the Pressure Transmitting Medium....................................26
3.7. Luminescence Data From Ruby at Ambient and High Pressures..............................27
3.8. O2 Raman Vibrational Peak from D A C ........................................................................... 28
3.9. (/TOO) Scans of YBCO Showing Limited Visibility of DAC........................................... 30
3.10. YBCO in DAC Lattice Constants vs. Time.................................................................... 31
3.11. Chi Scans of the (200) Peak of YBCO Removed from DAC.....................................33
3.12. Raman Data from Single Crystal YBCO During Pressure Cycle................................. 35
3.13. Raman Data from Powder YBCO During Pressure Cycle.......................................... 36
4.1. Crystal Structure of Bi2Sr2CaCu208+x......................................................................... 39
4.2. In-Plane X-Ray Precession Photograph from BSCCO..................................................41
4.3. (00^ X-Ray Diffraction Pattern from Pristine BSCCO..................................................44
4.4. (001) X-Ray Diffraction Pattern from Iodine-Intercalated Stage-1 BSCCO..................45
4.5. (0A0) XRD Patterns from Iodine-Intercalated BSCCO...................................................46
4.6. Expansion of c-Axis Lattice Constant with Temperature in BSCCO........................... 48
4.7. Raman Data from Iodine-Intercalated and Pristine BSCCO........................................49
vi
T-4048
A.1. (00I) XRD Patterns from Na Vermiculite vs. Temperature.............................................57
A.2. d Spacing vs. Temperature for Na Vermiculite (Increasing Temperature).................. 59
A.3. of Spacing vs. Temperature for Na Vermiculite (Decreasing Temperature)................61
A.4. (060) Bragg Peaks for Na Vermiculite in 0-, 1-, and 2-WLHSs......................................63
A.5. b Lattice Constant vs. Temperature (Increasing Temeprature)..................................64
A.6. In-Plane X-Ray Photographs from Na Vermiculite in the 1- and 2-WLHSs.................. 66
A.7. Raman Spectra from Ba Vermiculite in the 0-, 1-, and 2-WLHSs................................. 67
B.1. Organization of the XRD Computer Program and Modules..........................................71
B.2. 4-Circle X-Ray Diffractometer...........................................................................................73
B.3. (hkf) Scan Data from a YBCO Single Crystal................................................................... 76
B.4. Construction of the Rho Angle in (hkf) Scan............................................................... 77
B.5. Rho Scan Data from the (200) Peak of YBCO in a DAC............................................. 79




I would like to thank my advisor, Noboru Wada, for his support and guidance, and my other 
thesis committee members, Frank Kowalski and John Trefny. Many thanks to Chang H. Qiu for 
providing the Raman data used in this thesis, and Ted Ciszek for providing the high-Tc 
superconducting samples. I would also like to acknowlege Andy Kellett and Dan Hines for initial 
help on the x-ray diffraction computer program. I wish to acknowledge the inclusion of an article 
previously published in Physical Review B in an appendix of this document.
I wish to thank my father, Dick Ahrenkiel, for his support and the use of his Macintosh 
computer. I also wish to extend thanks to Mowafak Al-Jassim for allowing me to continue working 





The study of intercalation compounds has been approached from the points-of-view of 
chemistry, material science, and solid state physics, among other disciplines. For this reason, 
information on intercalation compounds can be found distributed among a wide variety of 
scientific literature. In this document, the term intercalation refers to the insertion of foreign or 
guest species of atoms into crystal specimens, particularly when they become located in the 
interlamellar regions of layered structures. The intercalate atoms may form layers that are 
sometimes epitaxial with respect to the host layers. The stacking sequences of some artificially 
layered structures which greatly resemble intercalation compounds may be controlled during 
deposition by computer.1 True intercalation compounds often show reversible transitions 
between various structures, generally involving the diffusion of the intercalant species into the 
structure.
The structures and characteristics of some layered materials are highly anisotropic, and 
these can provide interesting opportunities to study quasi-two-dimensional systems. Many types 
of single-crystal samples of layered compounds are easily cleaved between the layers. The 
direction normal to the layers is usually called the crystallographic c-axis, and is referred to as the 
"out-of-plane" orientation, while the a- and b-axes have "in-plane" orientation. The structures of all 
of the materials discussed in this document are described in terms of an orthorhombic unit-cell, 
with the a-, t>, and c- directions orthogonal. Intercalated materials commonly exhibit dependence 
on the degree of intercalation in geometrical, electronic, chemical, and optical properties. Large 
anisotropy in electrical conductivity is characteristic of layered materials, and may be further 
accentuated when the materials are intercalated. Superlattice formation describes behavior in 
which the unit-cell of a crystal is composed of multiples of the primitive unit-cell. These have been
T-4048 2
observed to be associated with phase transitions in certain intercalation compounds, and may 
have either in-plane or out-of-plane orientation. Brillouin zone-folding may be associated with the 
superlattice formation.
Several prominent families of intercalation compounds exist. Graphite intercalation 
compounds (GICs) have been at the forefront of research interest to physicists for several years 
because of their importance in understanding staging mechanisms, and the fundamental 
interactions in graphite, which may lead to applications in storage and transportation of electrical 
energy. Historically, graphite sulfate may be considered the first intercalation compound studied 
comprehensively.2 Certain species of intercalated atoms may act as electron donors or acceptors 
in GICs, contributing to n-type or p-type conduction, respectively.3 Interestingly, alkali-metal 
intercalated graphite exhibits a superconducting transition below 100 mK, although neither 
pristine graphite nor the alkali-metals are superconducting.4 The interplanar bonding in these 
structures is affected by the presence of the intercalated layer, and can be described as ionic due 
to the electron transfer from the alkali planes to the adjacent graphite planes.5
The staging, or stacking configuration, in compounds with epitaxial intercalate layers is 
schematically depicted in Fig. 1.1. A stage-n material has n adjacent host layers between each 
layer of intercalants. While some intercalation compounds have exhibited no ordering beyond 
stage-1, GICs may exhibit up to stage-15 ordering at high-pressure and ambient temperature.6’7
The transition-metal dichalcogenides have composition TX2 , where T=transition metal 
and X=S, Se, or Te. Many of these have layered structures and show intercalated phases. Alkali- 
metal intercalated M0 S2 has been shown to undergo a superconducting transition at about 6.2 K, 
and was enthusiastically studied as a candidate for elevated temperature superconductivity.8
The high-temperature copper-oxide superconductors naturally have layered structures, 
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Fig. 1.1. Staging designations of intercalation compounds.
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the families of high-Tc superconductors, (where Tc is the critical temperature), show weak 
interlayer binding, and highly anisotropic properties, such as in the normal state resistivity.9 Tl-Ba- 
Ca-Cu-O and Bi-Sr-Ca-Cu-O, in particular, may be considered intercalation compounds. The role 
of electronic coupling between adjacent, and possibly more distant sheets may have a large effect 
on the Tc in these materials. The electronic properties of the material Y-Ba-Cu-0 show significant 
sensitivity to oxygen content, which is readily affected by external conditions. Y-Ba-Cu-O is not 
known to form a well-defined intercalate layer, but the diffusion of oxygen into this material is of 
interest due to its potential applications in superconductor technology.
The layered alumino-silicates have considerably stronger intralayer forces than interlayer 
forces, and many exhibit intercalated phases. These are referred to as clay intercalation 
compounds (CICs), although the term "clay" is commonly reserved for minerals with particle sizes 
less than 1 pm. The layers of CICs show greater transverse rigidity than GICs due to the thickness 
of the layers. Naturally occurring CICs always have the stage-1 structure, as some intercalated ions 
are needed to balance the net charge of the materials. However, the intercalated layer shows 
considerable flexibility in composition. Although commonly studied from a geological perspective, 
the highly anisotropic properties of these materials, and their observed structural phase 
transitions have proven to be quite interesting systems of study to solid-state physicists.
High pressure experiments have been greatly aided with the advent of the diamond-anvil 
cell (DAC), which is a simple apparatus that allows control of considerable pressures on small 
specimens. Phonon spectra and crystallographic structure are usually affected by changes in the 
applied pressure. The diamond windows facilitate x-ray diffraction and Raman spectroscopic 
experiments, and some DACs are designed to allow resistivity measurements while maintaining 
the high pressure.10 Phase transitions in intercalation compounds may occur at elevated 
pressures and ambient temperature. The novel approach of utilizing the interaction with the
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hydrostatic pressure transmitting medium was implemented in the Y-Ba-Cu-O experiment 
described in this document. This approach has been previously applied to water-intercalated 
kaolinite.11
Our lattice constant determinations were performed with the x-ray diffraction system 
depicted in Fig. 1.2. A molybdenum x-ray tube was used. The tube stand has two ports. One 
leads to a Buerger precession camera, and is commonly used to take in-plane photographs. The 
other leads to a Huber four-circle diffractometer, used for more in-depth and quantitative data 
acquisition. The diffraction experiments are isolated within a leaded enclosure. Further 
explanation is given in appendix B.
In addition, Raman scattering experiments were conducted using an Ar laser with 
wavelength 5145 A and a triple-spectrometer. The Raman spectra were taken while the samples 
















Fig. 1.2. X-ray diffraction system. The computer software is described in appendix B.
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Chapter 2
WATER AND CATION INTERCALATION IN Na VERMICULITE
2.1. STRUCTURE AND PHYSICAL PROPERTIES
Layered silicates are crystalline minerals which are of interest to researchers in many 
fields. Vermiculite intercalation compounds (VICs) are a type of layered silicate which accept 
foreign atoms between the host layer. VICs have a considerable variety in composition due to the 
ease with which intercalates may be inserted and removed from the minerals, as well as variations 
in the host layer composition. VICs exhibit only a stage-1 sequence along the axis perpendicular 
to the silicate layers. However, in contrast to graphite intercalation compounds, there may be more 
than one intercalated layer per host layer. The intercalated atoms may become hydrated in VICs, 
and distinct phases associated with the water content are exhibited during the process. Using x- 
ray diffraction and Raman scattering methods, we have characterized the structures of various 
phases and furthered the overall understanding of the phase transitions. Further discussions are 
contained in appendix A.
2.2. EXPERIMENTAL PROCEDURES
Layered silicates generally have a structure that consists of Si tetrahedral sheets 
connected to Mg or Al octahedral sheets (Fig. 2.1). The Si tetrahedrons have a Si atom in the 
center with O and OH at the corners, and are connected in a pseudo-hexagonal network. 
Isomorphic substitutions of Al^+ ions for Si4+ ions in the silicate layers commonly occur. These 
give the host layer a net negative charge. The charge imbalance is compensated by intercalated 
cations, which remain between the host layers. The resulting electrostatic force determines the 
properties of the interlayer interacation in layered silicates. The characteristics will depend on the 
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Fig. 2.1. Crystal structure of vermiculite intercalation compounds.
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cations is sufficiently large, the compound is expandable, and may exhibit one or more water-layer 
hydration states (WLHSs). The intake of water molecules into the interlamellar space is generally 
accompanied by a large increase in the c-axis lattice constant.
VICs can be described as 2:1 clays meaning that the host layer consists of one octahedral 
sheet of Al or Mg sandwiched between two tetrahedral sheets. The apex of the tetrahedrons in 
both Si sheets is connected to the octahedral sheet. The same description can be made of the 
structure of the various micas, such as muscovite, biotite, and phlogopite.12 However, the mica 
layers differ in that a potassium ion is always positioned at the center of the silicon hexagons, 
approximately in the O layer at the base. The ideal hydrated vermiculite structure, has composition 
Exx/v(Mg3 )(AlxSi4 -x)Oio(OH )2  • mH20, with x“ 1. Ex represents the exchangable cations, with
cationic charge v. Several species of cations have been admitted into VICs,13 and various 
hydration states confirmed. Na, Ca, Mg, Sr, and Ni vermiculites have all exhibited 0-, 1-, and 2- 
WLHSs, which are generally characterized by their c-axis lattice constants. Ni vermiculite is known 
to have paramagnetic properties. Cations H, Li, and Ba have also been admitted into VICs. Cation 
exchange in a VIC is easily done by keeping the samples immersed in a salt solution containing 
the desired cation for several months. Our samples were single crystals that originated in Llano, 
Texas. These samples commonly have Mg++ as the intercalated cation before exchange. Na+ 
cations were introduced by immersing the samples in a NaCI solution.
Previous work had determined the Na vermiculite transition temperatures from 0- to 1- 
WLHS and from 1- to 2- WLHS at a fixed vapor pressure of 19.8 Torr. The interlayer spacing 
decreased as the sample was dehydrated. The distances were found to be 9.81, 11.84, and 
14.89 A for the 0-, 1-, and 2-WLHSs, respectively (Fig. 2.2). These distances indicate the spacing 
in the pure hydration state, although the transitions are weakly first order, and some coexistence 
occurs through the transition. Correlation lengths also varied depending on the water content.
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Fig. 2.2. Hydration states of Na vermiculite.
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The host layers in vermiculte have a width of about 9.2 A, and the actual layer seperation can be 
calculated by subtracting this distance from the c-axis length. This gives seperation distances of 
roughly 0.6, 2.6, and 5.7 A for the 0-, 1-, and 2-WLHSs, respectively.
The (00/) XRD patterns from Na vermiculite in the 0-, 1-, and 2- WLHSs have been 
previously documented. Na vermiculite in the 2-WLHS was identified from the c-axis lattice 
constant using a four-circle x-ray diffractometer. This sample was then mounted on the Buerger 
precession camera with the c-axis parallel to the x-ray beam. This allows measurement of the (hkO) 
peak positions. A flow of air that had passed through a water bath at room temperature was guided 
to the sample. The precession angle was then set at 10° and a sample to film distance of 10 cm 
was used. After a 60 hour exposure, this photograph showed the expected hexagonal pattern 
from the vermiculite in-plane structure. This data is in Fig. A.6 of appendix A.
Another Na vermiculite sample was removed from the salt solution and exposed to air for 
several days. This sample was found to be in the 1-WLHS from the (00^ XRD pattern. The sample 
was then mounted on the camera for an {hkO) photograph. No external water vapor pressure was 
applied to the sample. The same camera settings were used as for the 2-WLHS sample. The in­
plane photograph of Na vermiculite in the 1-WLHS showed additional Bragg peaks at smaller 
scattering angles than those of the host lattice. This data is in Fig. A.6 of appendix A. The 
symmetry of the vermiculite structure is pseudo-hexagonal, as the octahedral sheets do not have 
the hexagonal symmetry of the silicate sheets. Three almost equivalent superlattices in the 1- 
WLHS of the type (2a x 2b), (2a x 2b)R60° and (2a x 2b)R(-60°) can be inferred. Two of the 
superlattices are just 60° rotations in either direction about the c-axis of the (2a x 2b) superlattice.
A Na vermiculite sample in the 0-WLHS was obtained by heating the sample for several 
days at 80°C. An (hkO) photograph of this sample showed no evidence of a superlattice formation. 
It appears that the superlattice formation is unique to the 1-WLHS samples.
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Previously published Raman data from Na vermiculite in the 0-, 1-, and 2-WLHS showed a 
mode at 137 cm'1 in samples in the 1-WLHS that was previously not fully understood. A possible 
explanation may now be presented in light of the detection of a superlattice in the 1-WLHS with 
twice the in-plane host lattice constants. Inelastic neutron scattering data from Wada ef a/.14 
shows phonons from the in-plane LA branch in Mg vermiculite in the 2-WLHS, and from 
muscovite, (which is not expandable), with the phonon wave vector parallel to the b-axes (Fig. 
2.3). A linear dispersion relation for LA phonons is indicated by the muscovite data, which has a 
similar in-plane structure to vermiculite. The in-plane structure of Mg vermiculite is quite similar to 
that of Na vermiculite, regardless of the hydration state. The Mg vermiculite dispersion data was 
somewhat affected by the background produced from the water content.13 If we extrapolate 
either line to the zone-boundary, the energy is about 17 meV, which gives a Raman peak position 
of 136 cm'1. Since a zone-folded phonon from the zone-boundary would be in the zone-center 
(having nearly zero momentum), it may be detected with Raman spectroscopy.
2.3. CONCLUSIONS
An in-plane superlattice specific to Na vermiculite in the 1-WLHS was detected by x-ray 
diffraction. A Raman mode was also detected in the 1-WLHS Na vermiculite that may correspond 
to zone-folding. This superlattice may be related to an ordering of the intercalated cations and/or 
water molecules in the 1-WLHS. A high mobility of the intercalated cations in the 2-WLHS has 
been indicated by conductivity measurements on Na vermiculite. Thus the cations may move 
independently of the host lattice in the 2-WLHS, and exhibit no long-range order. This should 
result in diffuse scattering near the center of the XRD precession photographs, but this 
expectation is not confirmed with our data. In the 0-WLHS the Na ions may have a (1a x 1b) 
















Fig. 2.3. Inelastic-neutron-scattering data from Mg vermiculite and muscovite (Wada etal.).
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Chapter 3
OXYGEN INTERCALATION IN YBa2 Cu307-x
3.1. STRUCTURE AND PHYSICAL PROPERTIES
The discovery of type-ll superconductivity occuring at around 30 K in the La-Ba-Cu-0 
materials in 1986 has been followed by other discoveries which have pushed the critical 
temperature above the boiling temperature of nitrogen (77 K). The highest zero resistance 
temperature observed to date was in the TI-Ba-Ca-Cu-0 compounds.15 Materials which exhibit 
high-temperature superconductivity generally contain copper and oxygen in two-dimensional 
Cu02 sheets, seperated by other metal and oxygen atoms. These high-Tc ceramic materials have 
layered structures, and investigations of their properties as intercalation compounds may 
illuminate an understanding of the superconducting mechanism involved. The weak interlayer 
binding in the Tl-Ba-Ca-Cu-O and Bi-Sr-Ca-Cu-0 materials suggests that foreign atoms may be 
easily placed between the layers. The relatively small interlayer spacing in Y-Ba-Cu-0 
superconductors indicates that foreign atoms may not be easily inserted into the structure. The 
electrical properties of Y-Ba-Cu-0 are known to be sensitive to the oxygen content. Room 
temperature annealing has been observed to occur in oxygen deficient samples, with 
corresponding increases in Tc. The significant mobility of oxygen in this material16 indicates that 
Y-Ba-Cu-O may be treated as an intercalation compound, with oxygen as the intercalate. In a high- 
pressure oxygen enviroment, we might expect to see some diffusion of oxygen into Y-Ba-Cu-O.
The layering in the copper-oxide superconductors bears some resemblance to that in 
layered silicates. Generally, copper oxide layers are surrounded by sheets containing O with Ba or 
Sr , and Y, La, or other elements from the lanthanide series (named for their similarity to the 
element La). The lanthanide series of elements is also referred to as the rare earths. Many high-Tc
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superconductors containing rare earth elements (R) with the composition RBa2 Cu3 C>7 have 
been found, and most have very similar structure to that of YE^CuaOy.*, (YBCO), referred to as 
the (1:2:3) system.17 However, the superconducting transition temperature decreases with the 
ionic radius.18 Our study will focus on YBCO due to its well-documented properties, and the 
availability of samples. Historically, YBCO was the first known superconductor with a critical 
temperature above the boiling temperature of nitrogen.
A great deal of work has been done on determining the relationship between the oxygen 
stoichiometry in YBCO, and the transport and structural properties of the material. The transition 
to the superconducting state occurs above 77 K only below a critical value of x, indicating a 
connection between oxygen content (which determines the valency of Cu ions) and the 
superconducting mechanism. This has led to several experiments which determined the 
annealing conditions needed to obtain YBCO samples with various values of x. The value of xat 
which the transition takes place has been reported to vary with annealing temperature and oxygen 
partial pressure, but is widely considered to be at about x=  O.6.19'20’21*22
Studies have determined that a structural transformation occurs near the same value of 
x“ 0.621, above which the material does not undergo a superconducting transition. The structure 
in samples with x<0.6 is orthorhombic and pseudo-perovskite, denoted Pmmm. When x>0.6 the 
samples become tetragonal with structure PA/mmm (Fig. 3.1). The designation P denotes the 
space group common to both structures, whereas the terms mmm and A/mmm refer to their 
different point groups. The a and b directions differ in the orthorhomic unit cell only by the 
occupation of the O-i sites along the b-axis near the Cui sites. The occupation of these sites 
results in a decrease in the Ba-Ba distance along the c-axis, and a corresponding reduction in the 
c-axis lattice constant.23 The valence of the Cu ions in these planes is an important parameter for 


















YBa2Cu306 Tetragonal Structure YBa2Cu307 Orthorhombic Structure
Fig. 3.1. Crystal structures of tetragonal (x=1) and orthorhombic (x=0) YBCO. The shaded circles 
represent oxygen vacancies. The dashed circles show how the Ba and O atoms are displaced in 
the orthorhombic-tetragonal transition. The dashed lines show Cu-0 bonds.
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Powder x-ray diffraction experiments by several groups have systematically established 
the variation of YBCO lattice constants with oxygen content through the orthorhombic-tetragonal 
transition (which occurs at 0.5< x <0.7). Oxygen content is generally monitored by 
thermogravimetric analysis. Another method of determining x is iodometric titration,24 and a 
correlation with normal state thermopower has also been established 25 The slope variation in the 
dependence of the c-axis lattice constant on x indicates that the reliability of using c as an oxygen 
gauge is greatest for x>0.4. A compilation of this YBCO lattice constant data from several 
publications was adopted as the method to determine oxygen content (Fig. 3.2). The 
experiments were all done with powder YBCO samples. Thermogravimetric analysis was used in 
each case to determine oxygen content. Oxygen reduced samples were obtained by annealing at 
higher temperatures or longer times, reducing oxygen fugacity, and rapid quenching into mercury 
(which has a high thermal conductivity), or liquid nitrogen. Dependence on annealing 
temperature, duration and oxygen partial pressure are well-documented. For example, tetragonal 
samples are obtained when annealing is done at temperatures greater than 900°C in 1 atm of 
100% oxygen gas26, but only at temperatures greater than about 750°C when the gas is 5% 
oxygen-95% nitrogen. Jorgensen et al.21 found that YBCO powders annealed at 520°C in an 
argon-oxygen mixture for 24 hours (h) and quenched in liquid nitrogen had x^O.IO, while those 
removed after 96 h had xes0.72. The value of x at which the orthorhombic-tetragonal transition 
occurs may depend on the heat treatment used.27
Samples with 0<x<1 must have some distribution of oxygen vacancies throughout the 
crystal in order to obtain their fractional stoichiometry. In the tetragonal structure the a and b 
directions are equivalent, and oxygen atoms may occupy either the Oi or O2 sites with equal 
probability. In fact, Hodeau et al. suggest that the tetragonal structure is intrinsically a multidomain 
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Fig. 3.2. Data from several publications showing YBCO lattice constants vs. oxygen content from 
powder experiments. The orthorhombic-tetragonal transition occurs at around x=6.4.
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(small enough to be undetectable by XRD). They also suggest an ordering of the oxygens along 
the a direction.28 Fig. 3.3 depicts a possible arrangement for the oxygen occupation at the Oi 
sites for a tetragonal YBCO sample. A distortion of the lattice is not shown, but might also be 
expected with this type of distribution. During the oxygen intercalation process, the orthorhombic 
domains grow, and at the observed transition have a coherence length (£=2/Aq), large enough to 
allow detection by XRD, and to undergo a superconducting transition at low temperature.
In single crystals, more than one coherent domain may exist, with a and b directions 
intermixed within the sample. Following crystal growth, a large fraction of the YBCO samples 
exhibit twinning. However, untwinned domains up to about 40 pm in size can be found.29 This 
twinning is detectable because of the difference in the a and b lattice constants, and will result in 
the splitting of diffraction spots in in-plane XRD photographs. Twin orientations commonly differ 
by a reflection along the tetragonal [110] or [110] directions (which are the same as the tetragonal 
(110) and (110) directions). The (200) and (020) peaks are split into two distinct peaks, resulting 
from the domains with alternate orientations of type a-b, and b-a 28 The (110) and (110) peaks are 
split into three equally spaced peaks. Two of the {110} peaks observed are due to orientations 
reflected about the [110]. The third is from the (110) and (110) scattering, which are found at the 
same position. The splitting angle, e, can be calculated from the equation:
e=arcsin ( b2 - a2)
(b2 + a2).
The construction for this splitting is shown in Fig. 3.4. The labels I and II designate the two 
resulting orientations. From the fully oxygenated orthorhombic lattice constants, this indicates an 
angle of about 1.0°. The angle should decrease as oxygen is depleted, until the structural 
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Fig 3.3. Depiction of the in-plane oxygen-deficient YBCO tetragonal structure. The a- and b-axes 








Fig. 3.4. Construction of in-plane splitting of Bragg peaks due to [110] type twinning. An 
intermixing of the a- and b- axes_is shown in the illustration (top), and in the diagram (bottom). 
Equivalent reflections along the [110] must also be considered for a complete description of the 
expected diffraction pattern.
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untwinned single crystals could be produced by heating the samples while applying stress along 
an alb axis. The favored orientation has a in the direction of the applied stress30.
Twins and other types of defects such as stacking disorders have been observed in 
YBCO. The magnetic flux pinning energy in YBCO is only a few hundreths of an eV. This is 
significantly less than in conventional superconductors, limiting the critical current density, J c 31 
The presence of twin boundaries, like point defects, may improve critical current densities. These 
defects may affect the electron-phonon or electron-electron interactions.32 Stess application 
studies, such as shock compression, and irradiation studies have tested other type of defects as 
pinning centers. Defects induced by high pressure experiments might also affect the flux pinning 
energy in YBCO.
A dependence of the transport and structural properties of YBCO on pressure has also 
been reported. A resistivity study of YBCO in high-pressure He environments found a value of 
dTc/c/P=0.07±0.02 K/kbar33. In La-Ba-Cu-0 the value was only 10"3 K/kbar. An early study 
showed very little increase in the Tc of YBCO with pressure, but the purity of these samples was 
poor.34  Jaya et al. characterized the lattice constants of orthorhombic YBCO powder with 
x=0.15±0.05 for pressures from 0-91.5 kbar, and gave evidence for a reversible transition to a 
tetragonal structure for pressures above 70 kbar.35 They report a bulk modulus (B=V/o(5P/5lO) of 
about 950 kbar in the range of 0-60 kbar applied pressure. Olsen et al. reported a considerably 
higher value of B for orthorhombic YBCO, and a much higher structural transition pressure.36 
Some discrepancy also exists between the high-pressure experiments and ultrasonic-velocity 
measurements, and may be due to the sensitivity of the latter to crystal defects. A paper by 
Ledbetter et al. argues that the value of B should be about 1070 kbar through comparison with 
the elastically stiffer BaTi0 3  and SrTi0 3  structures, in which oxygen-metal bonds are stronger 
overall than in the YBCO structure 37
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3.2. EXPERIMENTAL PROCEDURES
YBCO samples were obtained from the Solar Energy Research Institute (SERI). The 
sample preparation started with mixed powders of Y2 0 3 , BaC0 3 , and CuO that were loaded into 
an alumina crucible and heated to 1150-1180°C in air. The material was held at this temperature for 
0.5-2 h, and then cooled down to 860°C at a rate of 2°C/h, at which point crystal growth takes 
place. The material was then cooled to room temperature and the crystals were seperated from 
the remaining material. The crystals were then annealed in oxygen at 700-850°C for about 100 h 
to obtain the orthorhombic phase.38 The samples had been annealed for several days at 300°C in 
oxygen gas following the sintering process. The resulting material was chipped off the crucible 
shards to which it had adhered during production. Single crystals with sizes on the order of 1 mm x 
1mm x 200 pm were selected for analysis. X-ray diffraction (001) patterns indicated c-axis lattice 
constants in the range of about 11.68-11.80 A.
Single crystal YBCO samples from SERI were annealed at 800°C for 4 h with 2 standard 
cubic-feet per hour of argon flow into the crucible. Upon removal the samples were dropped into 
liquid nitrogen for quenching. These samples all exhibited c-axis lattice constants which were 
significantly larger than those of the pristine samples. In-plane XRD patterns also indicated that the 
samples were tetragonal. These samples had 11.76< c <11.84 A indicating 0.3< x <0.7. For 
example, a structural determination of one of these samples indicated lattice constants 
a=3.86252(44) , b=3.86184(28), and c=11.7989(11) A. This data is shown in Fig. 3.5. The a and 
b values are equal, within experimental uncertainty. No evidence of peak splitting was found for 
any of these peaks, indicating a well-defined tetragonal domain.
A diamond-anvil cell (DAC) with 1.0 mm diameter culet faces and an inconel gasket was 
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Fig. 3.5. XRD data showing a, b, and c lattice constants for a YBCO single crystal. The sample was 











temperatures. An oxygen deficient single crystal c=  11.8023(25) A, {x~6.3), was placed in the 
center of the gasket with the a-b plane parallel to the diamond faces. Polycrystalline ruby was also 
placed in the gasket for pressure calibration. When the liquid level was below the gasket level, 
cooled oxygen gas was directed to the DAC such that it condensed in the sample region. When 
the sample was immersed in liquid oxygen, the DAC was closed and tightened enough to 
garauntee that the oxygen was confined inside. The DAC was allowed to warm to room 
temperature and then carefully closed to a point at which the diamond faces were parallel, insuring 
that the pressure was hydrostatic and uniform (Fig. 3.6).
Spectroscopic measurements were performed with an Ar laser with a triple-spectometer. 
The shift from the main beam frequency (5145 A) due to the ruby Ri luminescence lines (6942 A) 
was measured for pressure determination. The shifted lines can be found at about 5031 cm"1. 
When the pressure is increased, it has been established that these luminescence lines increase 
in wavelength by 0.365 A/kbar,39  and the frequencies decrease by 1.32 kbar/cm"1. The 
measured up-shift from 5031 cm' 1 was 14.6 cm'1, indicating a pressure of 19 kbar (Fig. 3.7).
The presence of oxygen gas in the DAC for one sample was revealed by Raman data 
which showed a peak characteristic of the O2 vibrational mode at about 1550 cm' 1 (Fig. 3.8). 
From the P-T phase diagram, the O2 at this temperature and pressure should be a fluid that is 
neither gas nor liquid.40 N2 vibrational modes were also revealed in the spectrum, indicating that 
the partial pressure of oxygen was somewhat less than 19 kbar. It appears that we allowed some 
liquid nitrogen to enter the cell along with the liquid oxygen. Since annealing experiments have 
shown that oxygen pressure has a significant effect on the value of x obtained in YBCO samples, 
subsequent experiments should implement a more effective method of keeping the nitrogen out 
of the DAC during sample loading.
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Fig. 3.6. Diamond anvil cell used for high pressure experiments with oxygen as the hydrostatic 
pressure transmitting medium. Liquid oxygen and ruby are put in the gasket of a cooled cell along 
with the sample before closing (top). The front view of the cell shows the three screw used for 
controlling pressure and the diamond window in the middle (bottom left). The side view shows the 













Fig. 3.7. Luminescence data from ruby in a DAC under O2  pressure and at ambient pressure. The 
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goniometric center of the apparatus. Film was exposed for 30 hours with the precession angle set 
at 10°. The photograph revealed x-ray diffraction spots with the proper symmetry and lattice 
constants of an in-plane (a-b plane) YBCO orientation. Other peaks and rings were apparent in the 
photograph which may have been from the inconel gasket, the ruby chips, or possibly the 
diamonds. YBCO peaks seen were {100}, {200}, and {110} peaks, and some were at the proper 
angle for A/2  scattering. The monochromator and minimal collimation used for the camera beam do 
not completely eliminate the shorter wavelength.
The sample was mounted on the 4-circle diffractometer, and in-plane lattice constants 
were monitored for several weeks. The measurable scattering angles, 2-Theta, were limited to 
values less than about 30°. This is exhibited in Fig. 3.9, which compares an {h00) scan of a single 
crystal YBCO sample in a DAC to a similar scan of a sample outside of the cell. The resolution of 
the two scans is not necessarily the same, due to the beam and detector slits used. The sample in 
the DAC showed splitting of peaks in (200), (020), and (110) reflections. Chi scans and Omega 
scans revealed 2 or 3 domains for the sample. The angular seperation of these domains was not 
consistent with a simple [110] twin law. They instead could indicate that the sample was fractured 
under stress. The labelling of a and b in Fig. 3.10 was determined by sorting the measurements 
into those below (a ) and above (b ) the tetragonal value (3.862 A), although no distinct tetragonal- 
orthorhombic transformation was observed. The uncertainty of each measurement is estimated to 
be about 0.005 A, based on several alternative fits. The first and last measurements were made 
with the sample outside of the cell.
The Raman spectra of YBCO samples with (0<x<1) have been established. Morioka et 
a / .18 have correlated a significant shift of the Cu(1)-0(2) stretching mode (Ag) with oxygen 
content at 30 K. As x is increased, the wave number of the Raman shift decreases and the 















Fig. 3.9. (hO0) scans from a YBCO sample in a DAC and from a YBCO sample with no DAC. The 














YBCO in Oxygen Pressure Cycle
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Fig. 3.10. Lattice constants vs. time for a YBCO sample in a pressure cycle. The a and b labels 
were assigned depending on whether a given measurement was above or below the tetragonal 
lattice constant. The first and last measurements were done outside of the cell.
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Y2 CU2 O5 . This impurity may have been formed on the surface of the sample during the high- 
temperature annealing and quench. While Raman scattering only probes the sample surface, 
molybdenum x-rays penetrate well into the bulk of the sample. Further experiments could be 
done in which the sample surface is treated after annealing to remove impurities.
After 32 days, the DAC was heated at 180°C for 3 hours to increase oxygen mobility, then 
remounted on the diffractometer. The structural characteristics were essentially unchanged. The 
lattice constants did not deviate significantly from the tetragonal value (a=b=3.862A). After 6 
weeks the sample was removed from the cell, and the c-axis lattice constant measured. Only a 
small chip of the original sample was preserved intact. It was found to have a c-axis lattice constant 
of c=11.7873(50) A, which corresponds to an increase in oxygen content of about Ax“0.08. 
While the original c value was obtained from measurement of (00 11) peaks, these were found to 
have diminished intensity in the removed fragment, so (006) peaks were used instead, resulting 
in the greater uncertainty.
Further peak splitting was observed in the in-plane XRD analysis, and some of the 
domains have different lattice constants from others. For example, Fig. 3.11 shows Chi scans near 
the {200} orientation, which split into 3 peaks, as 20  was incremented in steps of 0.05°. The 
tetragonal a lattice constant is nearly independent of oxygen content, as seen in Fig. 3.2. Since 
the maxima occur at different 2-Theta values for each of the (200) peaks, some orthorhombic 
individuals must be present in the sample. An Omega scan about the (200) position of the sample 
removed from the cell showed four distinct crystal orientations. Computations of peak positions 
for measurable (hkl) do not suggest that these peaks could result from a single crystal with the 
pristine YBCO lattice constants. The peaks do not seem to be the result of [110] twinning.
Raman data from another YBCO single crystal held in the DAC at undetermined pressure 
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Fig. 3.11. Chi scans from a YBCO sample after a pressure cycle at different 2-Theta. Three peaks 
are seen with different maxima in 2-Theta, indicating possible orthorhombic domains.
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cycle (Fig. 3.12). The laser beam was normal to the c-axis during the experiment. Published data 
have shown the dependence of these modes on oxygen content.18’41 In this case, the up-shift 
indicates an increase in oxygen content of Ax~0.06. The pressure dependence of these modes 
has also been established previously.42. However, these data were taken at ambient pressure, 
first before the sample was in the cell, and then after it was removed from the cell.
The experiment was repeated with a powder sample in a DAC. An alternative cell is used 
for powder samples. Controlling pressure in this cell only requires rotation of a threaded piston, 
instead of three screws as in the single crystal cell. In this case, up-shifts were seen in the same 
two Raman modes, this time indicating an increase in oxygen content of Ax“ 0.07 (Fig. 3.13). The 
pressure in this case was again undetermined. Although x-ray powder experiments are 
considerably easier than single crystal experiments, we were unable to obtain significant diffracted 
intensity from the small samples that can be placed in DACs to measure the peak shifts involved in 
oxygen intercalation.
3.3. CONCLUSIONS
Some intercalation of oxygen into YBCO at room temperatures was found to occur 
(Ax*=0.08), but not to the level needed to fill all the oxygen vacancies in single crystals. At a 
pressure in the cell of 19 kbar, we can estimate the available oxygen by assuming an ideal gas with 
the volume of the cell (about 20pm x 500 pm x 500 pm) at room temperature. This indicates about 
2 x 1018 O2 molecules. Since the cell volume is about twice the sample volume, there are about 
2.8 x 1016  YBCO unit cells in the sample. There should have been enough oxygen to saturate 
the sample. However, we did not obtain a full 19 kbar of O2 pressure in the cell, due to the 
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Fig. 3.12. Raman spectra from a single crystal YBCO sample before and after a pressure cycle. 






























Fig. 3.13. Raman spectra from a powder YBCO sample before and after a pressure cycle. The 












A reduction in a, b, and c lattice constants might have been expected with increasing 
pressure. The usual approach to high-pressure experiments is to measure lattice constants or 
Raman shift as a function of pressure. Since our experiment involved the diffusion of the pressure 
transmitting medium into the sample, we instead made repeated measurements at the same 
pressure to look for time dependence. Applying the oxygen-rich high-pressure data from powder 
experiments of Jaya et a/.34 to the oxygen-deficient structure used in our experiment, a decrease 
of about 0.025 A should be expected for a and b lattice constants at 19 kbar pressure. No such 
clear trend is apparent in our high-pressure data. Different domains showed both increases and 
decreases of up to 0 .010  A in our experiment. The discrepancy could be related to dissimilarities 
in powder and single-crystal experiments.
Although a quantitative discussion on the intercalation of oxygen into YBCO is not 
possible with our data alone, we have shown that oxygen can enter single crystal samples under 
high-pressure. A complete study could involve starting with similarly oxygen-deficient samples 
and recording the oxygen intake at various pressures, maintaining a fixed time interval in the DAC 
for each sample. Another approach might be to increase the cell pressure between each lattice 
constant measurement. Best results from XRD would be obtainable if the sample could be placed 
in the cell with an out-of-plane orientation. This way, c-axis lattice constants, known to be sensitive 
to oxygen content near the transition, could be monitored, rather than a- and b-axis lattice 
constants. However, it is unknown at this time whether a YBCO single crystal with this orientation 
would be crushed when placed the cell in this manner, since the sample thickness is only a few 
hundred microns. This procedure has been successfully applied to graphite.43  The use of 
powder samples would eliminate this potential problem, although the scattered intensity is 
considerably less than with single crystal samples.
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Chapter 4
IODINE INTERCALATION IN Bi2Sr2 CaCu2 08+x
4.1. STRUCTURE AND PHYSICAL PROPERTIES
The Bi-Sr-Ca-Cu-0 (BSCCO) family of superconductors was found as a result of the 
search for a class of superconductors without rare earth elements. The addition of Ca to the Bi-Sr- 
Cu- 0  system resulted in a drastic increase in Tc. The high-Tc superconductor Bi2 Sr2 CaCu2 08+x
(2:2:1:2 ) has exhibited transition temperatures in the range 82-90 K. The transition temperature is 
known to be somewhat higher in the material Bi2 Sr2Ca2Cu30io+x (2:2:2:3) which differs in
structure from the (2 :2 :1 :2 ) system primarily by the addition of an extra copper-oxygen plane in 
each unit cell. Initial studies showed mixed phases in BSCCO. The resistivity curves showed a 
high onset temperature for superconductivity, but with zero resistance being acheived some 20 K 
lower.
The BSCCO structures show some similarity to those of layered silicates. Both phases 
contain double Bi-0 layers with considerably weak interlayer binding. Epitaxially grown Pb-Ba-Cu- 
O (which is insulating) and Y-Ba-Cu-0 alternating films showed a significantly reduced Tc, 
indicating the importance of the interlayer charge exchange in YBCO.44' 45 These results were 
consistent with previous calculations on the contribution of interlayer coupling in oxide 
superconductors.46 The mechanism of superconductivity in the copper-oxide layered materials 
has not been conclusively found to be described by the BCS theory.47  Studying the interlayer 
interactions in the BSCCO materials may be useful in resolving the details of the transport 
properties.
The unit-cells for both the (2:2:1:2) and (2:2:2:3) BSCCO phases contain two adjacent Bi- 
O layers. The (2:2:1:2 ) structure is shown schematically in (Fig. 4.1) 48 The Bi-0 bond length in 
the layers is about 2.3 A, whereas the interlayer separation between adjacent Bi- 0  layers is about
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c=  30.90 A
Fig. 4.1. Approximate pseudotetragonal crystal structure of Bi2Sr2CaCu208+x- The interlayer 
spacing is about 3.7 A.
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3.7 A. The two planes are offset by an in-plane slide of about 2.7 A (half the a lattice constant). 
BSCCO single crystals are easily cleaved between these Bi-0 planes. The copper atoms occupy 
the same sites as the Bi atoms alternately in the unit cell along the c-axis, seperated by Sr and Ca 
layers. The nearest-neighbor copper distance is about a/V2 “ 3.8 A, as in the other families of 
high-Tc copper-oxide superconductors.
The BSCCO structures are considered to be pseudo-tetragonal, with b“a, denoted as 
orthorhombic Pmmm. However, an incommensurate modulation along the b-direction 
corresponding to b^Sa is commonly observed.49 Evidence for the superstructure is easily 
obtained with x-ray or neutron diffraction, as well as with electron microscopy. Fig. 4.2 shows an 
(hkO) x-ray diffraction precession photograph taken from a BSCCO sample. Satellite peaks can be 
seen around the (0 2 0) peaks. The sample to film distance is 10 cm. A screen with radius 10 mm 
was used during exposure to increase resolution. The beam collimator had a radius of 0.5 mm. 
Satellite peaks with nearly equal intensity appear equal spaced in q-value from the (0 2 0) peaks. 
No prominent extra peaks are seen near the (2 0 0) peaks.
One structural model suggests that a concentration wave of oxygen atoms in the Bi202 
layers increases the ordering length along the b-axis direction. The oxygen vacancy results in a 
corresponding shift in the position of the Bi atoms, which are detectable in many experiments. 
Calculations using a sinusoidal oxygen occupation distribution in the b-direction correctly predict 
the observed satellite peaks that appear around the (0 2 0) peaks in x-ray, neutron, and electron 
diffraction. Contrast modulation along the b-axis direction with a repeat distance of about 27 A can 
be seen in electron micrographs. One study of the (2:2:1:2) structure presented a model in which 
the incommensurate structure was associated with deficiencies in the Bi concentration along the 
b-direction. The Bi202 layers cannot be viewed as perfect sheets in this model, but are the 
source of lattice distortions.50 One extension of this model51 describes a roughly periodical
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Fig. 4.2. In-piane x-ray precession photograph of BSCCO. Some satellite peaks are apparent near 
the (020) peaks.
T-4048 42
substitution of a Cu, Sr, or Ca atom for one out of ten Bi atoms, with an associated oxygen vacancy 
in the sites adjacent to the Bi'2 0 2  layers. A complete description will involve a more thorough 
understanding of the oxygen distribution.52
The large interlayer distance (3.7 A) indicates that a significant space exists in the 
structure into which guest atoms may be inserted. BSCCO (2:2:1:2) has been succesfully 
intercalated with both copper and silver using electrochemical methods. The silver, in fact, slightly 
increased the Tc of the samples.53 Xiang et a/.54 found that (2:2:1:2) BSCCO samples heated in 
iodine vapor would form a stage-1 intercalated compound, meaning that one intercalated layer can 
be admitted host layer. There are four Bi atoms per host layer in the (2:2:1:2) structure, and eight 
Bi atoms per unit-cell (two layers per cell). Weight analysis determined that the ratio of Bi content 
to I was 2:1.53 Thus the epitaxial intercalated layer must consist of two iodine atoms per (5.4 A)2 
area, which may form an iodine molecule. They used (001) XRD patterns to determine the resulting 
expansion along the c-axis. The distance between adjacent Bi-0 layers increased. The 
intercalated materials underwent a superconducting transition at 80 K, only slightly lower than the 
critical temperature of the pristine materials. Stage-2 l-intercalated BSCCO materials, with two host 
layers seperating every intercalated layer, have also been reported.53
4.2. EXPERIMENTAL PROCEDURES
Single crystal BSCCO samples were grown at SERI. The preparation began with Bi2 0 3 , 
SrO, CaO, and CuO powders that were ground and mixed in the ratios Bi2 0 3 :Sr0 :Ca0 :Cu0  = 
1:2:2:2 in an alumina crucible. The material was heated with flowing O2 at an increasing 
temperature that reached 1150°C in three hours. The temperature was held at 1150°C for 30 min, 
reduced to 875°C in one hour, further reduced to 775°C in 20 hours, increased to 880°C in 1 
hour, held at 880°C for 75 hours, lowered to 640°C in 48 hours, and then lowered to room
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temperature in 124 hours. The resulting material showed a high-temperature superconducting 
transition.38*55 We obtained samples of (2:2:1:2) phase BSCCO. The (00^ XRD patterns showed 
a lattice constant £>=30.9028(67) A (Fig. 4.3).
Some of these pristine samples were enclosed inside segments of evacuated pyrex 
tubing along with some chips of solid iodine. The iodine and BSCCO crystals were held at the 
same temperature of 155°C for at least ten days. The purple iodine vapor fills the pyrex tube upon 
heating and gas diffusion occurs. After cooling the samples, the pyrex tubes were opened and 
the (00^ XRD patterns taken. A c-axis lattice constant of 38.1605(38) A was measured (Fig. 4.4). 
The widths of some of the (00^ peaks were broadened, while some remained narrow, indicating 
stacking disorders along the c-axis in the intercalated structure. The minimum correlation length 
(£=2/Aq) exhibited was 125 A. The sample exhibited the same incommensurate modulation along 
the b-axis that was seen in the pristine samples, with lattice constant b=26.98(12) A (Fig. 4.5). 
Some of the peaks were much broader than others, indicating short correlation lengths in the b- 
direction, and some were spaced by irregular g-intervals. In some of the intercalated and pristine 
samples, modulation was seen along the a-axis as well. This could be related to twinning in the a - 
b planes. The a lattice constant of one intercalated sample which showed no a-axis modulation 
was found to be 5.4096(15) A. The iodine intercalation did not appear to significantly affect the in­
plane crystal structure.
It is interesting to note that the (001) diffraction patterns for both the pristine and iodine 
intercalated samples contain peaks with only even numbered / indices. This is easily explained by 
inspection of the BSCCO structure. The unit-cell contains two copies of a characteristic element 
stacked end to end along the c-axis direction with the Bi layers adjacent. One of these elements is 
shifted from the other by a slide along the a-axis of half the length of the unit cell. XRD in the (001) 











((oes/sio)6 oi) Ai!SU0 ju| 




























m in o in
((O0s/sio)6o“|) X1|SU01U|


































< <008/8^3) So-]) X* ; sub^u\
Fig. 4.5. (OAO) x-ray diffraction pattern from l-intercalated stage-1 BSCCO.
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However, the full cell could be determined by detection of Bragg peaks with mixed Miller indices 
(h* 0  or k*0 , /*0 ), having neither in-plane nor out-of -plane orientation, which show up in powder 
diffraction. In fact, subsequent studies of iodine intercalated BSCCO by Xiang etal. suggest that 
these characteristic elements slide in to alignment in the intercalated material, with Bi atoms lined 
up along the c-axis. Thus, the c-axis is effectively shorter in the intercalated material than in the 
pristine, despite the increase in the interlayer distance. The stacking sequence changes from 
ABABAB... to AAA.. .56 Thus, there is one iodine molecule per unit-cell in the intercalated 
structure.
A stage-1 IBSCCO sample about 2  x 2 x 0.2 mm3  in size was mounted on the four-circle 
diffractometer with a high-temperature unit lowered over the goniometer. This unit includes two 
heating coils that surround the sample, and a platinum-versus-platinum-1 0 % rhodium 
thermocouple, contained inside a Kapton cover. The c-axis was monitored as the temperature 
was increased in the range of 20-100°C. This data is shown in Fig. 4.6. Since the density of iodine 
would be less in the stage-2  material than the stage-1 material, we might expect a transition to 
higher staging, and the higher staged compound has longer range ordering. However, no 
transition to higher staging was observed. The c-axis expanded with a coefficient of 7.50(48) x 
10 -6  oQ-1 j hjS expanSj0n jS probably attributable to thermal expansion.
Raman data from a BSCCO and a IBSCCO sample, both at room temperature, indicated 
that the iodine may, in fact, be in molecular form in the l-intercalated material. Broad features 
characteristic of I2 molecules dominate the Raman spectrum of the intercalated samples, (modes 
at about 100, 200, and 300 cm"1), and are probably vibrational modes (Fig. 4.7). The mode at 
about 150 cm"1 is possibly a resonant Raman mode from the iodine. The intensities of these 
modes are significantly greater than those of the pristine material. Theoretical and experimental 
work on the Raman spectra of pristine BSCCO has been published.57 *58 Further analysis of our
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Fig. 4.6. Expansion along the c-axis direction in iodine-intercalated (stage-1) BSCCO with 










Fig. 4.7. Raman data from l-intercaiated and pristine BSCCO. The intensity scales are not the 


























data is needed, as not all of the modes can be classified as vibrational modes from iodine. In 
particular, the mode at about 150 cm'1 is not yet understood.
4.3. CONCLUSIONS
We were able to reproduce the stage-1 intercalated BSCCO compounds studied by 
Xiang etal. by heating the samples at 155°C with iodine crystals. We found that an increase in the 
c-axis lattice constant of 7.2578(78) A occured during iodine intercalation. This corresponds to an 
expansion of 3.6289(39) A per iodine molecule. The increase seems to be uniform throughout 
the sample. Some broadening of certain (001) peaks was observed, possibly indicating some 
disorder in the intercalated lattice. The same incommensurate structure observed in pristine 
BSCCO samples was observed in the l-intercalated samples. Fabrication of the stage-1 
intercalation compound was highly reproducible, although some deviations were observed.
Raman data from l-intercalated BSCCO indicated a large presence of iodine molecules in 
the sample. From appearance, some of the intercalated crystals were slightly discolored , which 
may be a result of solid iodine condensation on the surface. However, the laser heating should 
quickly cause this to evaporate. One mode was not easily identified, and may be a resonant 
Raman mode. The bond length in diatomic molecular iodine is about 2.7 A.59 The diameter of an 
iodine atom is about 2.7 A.60 This gives a total molecular size of about 5.4 A. The interplanar 
distance in the pristine material is about 3.7 A, and we have found that the lattice expands by 
about 3.6 A per layer in the stage-1 intercalated material. The iodine molecules could conceivably 
be aligned along the c-axis (with a total interplanar distance of roughly 7.3 A ) , or could be oriented 
in the a-b plane. Our x-ray diffraction data alone is insufficient to make this determination.
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ABSTRACT
Hydration phase transitions in Na vermiculite, a specific example of expandable 2:1 
layered silicates, were examined as a function of temperature at a constant water-vapor pressure 
by x-ray diffraction. The samples exhibited well-defined 0-, 1-. and 2-water-layer hydration states 
(WLHSs) with the basal spacings of 9.81, 11.84, and 14.89 A, respectively. The transitions 
between the hydration states were found to be first order, evidenced by a two-phase coexistence 
and large hysteresis. Substantial elastic deformation, which involves rotation of the tetragonal 
bases in the host silicate layers, was observed during the transitions. It was concluded that elastic 
distortion in the host silicate layers may be responsible for the hydration phase transitions. In 
addition, formation of a (2a x 2b) superlattice specific to the 1-WLHS was found. A new 
interpretation of the previous Raman data from 1-WLHS Na vermiculite is also presented.
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A.1. INTRODUCTION
Layered silicates, commonly known as clays, have been studied for many decades. Their 
properties are of high relevance to various disciplines such as chemistry, geology, agriculture, 
biology, mineralogy, and others.12-61’62 Unfortunately, however, there has been little 
experimental of theoretical work done on layered silicates with regard to solid-state physics or 
physical chemistry.
Fundamentally, layered silicates provide an intriguing system with which to study 
intercalation and quasi-two-dimensional physics. Though graphite and heavy-metal 
dichalcogenide intercalation compounds have been well investigated in recent years by many 
physicists and chemists, layered silicates have not been studied as extensively. This is 
unfortunate, because the intercalation processes and resulting physical properties if layered 
silicates are as fascinating as those found in graphite and dichalcogenide intercalation 
compounds. Also, we point out that high-Tc superconducting layered ceramics exhibit similar 
structural similarities to layered silicates, e.g., compare the mica structure to the Tl-Ba-Cu-O and Bi- 
Sr-Ca-Cu-O compounds.63
Layered silicates have been used to study several interesting physical phenomena such 
as superfluidity of hydrogen molecules.64 when hydrogen molecules are confined in a quasi-two- 
dimensional space, the freezing temperature may be lowered. The boson condensation 
temperature for hydrogen molecules in "pillared" clays64 may become relatively higher than the 
crystallization temperature, and thus one may be able to observe superfluidity. Fractal 
phenomena have also been studied, employing quasielastic-neutron-scattering65 and molecular- 
adsorption measurements66 from layered silicates. The fractal properties apparently arise from the 
size distribution of disordered polycrystalline particles. A third set of phenomena has to do with 
rigidity effects in layered compounds. Because of the host-layer deformation due to the
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intercalates, layered silicates obey a non-Vegard's-law behavior when the intercalates are a 
mixture of two different species.67-68 The behavior may be understood in terms of "healing 
lengths" by a simple but elegant elasticity theory.69-70
Interlamellar cations can be replaced with magnetic ions. This allows one to examine a 
quasi-two-dimensional magnetic system.71-72 For instance, Ni vermiculite exhibited a 
paramagnetic behavior, and at low temperatures gave evidence for successive magnetic phase 
transitions.73
Intercalation of water molecules into layered silicates is one of the most interesting 
phenomena. In contrast to a "staging" structure in graphite intercalation compounds (GICs), clay 
intercalation compounds (CICs) exhibit a multiple-intercalate-layer structure. Instead of having n 
host layers between nearest-neighbor intercalated layers (stage-n compounds in GICs), in CICs, n 
intercalated layers can be sandwiched by two nearest-neighbor host layers (n-water-layer 
hydration state).
In GICs the nature of the long-range interlayer interaction responsible for staging has 
been intensively argued.6-74 The interaction may originate from electrostatic repulsion or elastic 
deformation. In CICs, the interlayer interaction for the long-range c-axis stacking sequence 
appears to be related to host-layer elastic deformation.
Previously, there have been some x-ray structural studies on specific vermiculite 
samples,75-76-77-78-79 but to our knowledge, no detailed study on the hydration transitions have 
been conducted. In this paper we present x-ray diffraction results obtained from Na vermiculite 
samples as a function of temperature at a fixed vapor pressure. Hydration phase transitions and 
accompanying out-of-plane and in-plane structural changes of Na vermiculite will be discussed.
In Sec. A.2 we describe some of the basic structural and physical properties of layered 
silicates along with specific properties of vermiculite. In Sec. A.3 we describe sample preparation
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and experimental methods. The experimental results and discussions are presented in Sec. A.4. 
Conclusions will be given in Sec. A.5.
A.2. STRUCTURE AND PHYSICAL PROPERTIES
Layered silicates are made of two basic sheets; one is a Si tetrahedral sheet, and the 
other is an Al or Mg octahedral sheet. Depending on how these basic sheets are stacked along 
the c-axis, one can classify layered silicates into three categories: 1:1, 2:1, and 2:1:1 layered 
silicates. It is a common occurrence that some cations in the tetrahedral or octahedral sites are 
replaced with other cations (e.g., some Si4+ atoms in the tetrahedral sited are replaced with Al3+ 
atoms). Ordinarily, silicate host layers are negatively charged.
In order to compensate for the charge imbalance, cations are placed between the layers. 
When the host layers are severely charge deficient, the Coulombic interaction is strong. 
Interlamellar cations may not become hydrated (not expandable), and intercalation cannot be 
performed easily (no cation exchange). Micas present a good example. However, when the 
charge deficiency is moderate, the interlayer interaction is relatively weak. Interlamellar cations can 
be hydrated (expandable) and can be cation-exchanged.
Vermiculite is an expandable 2:1 layered silicate.12'61-62 The host layer of "ideal" 
vermiculite consists of one Mg octahedral sheet and two Si tetrahedral sheets. One out of four Si 
sites in the tetrahedral sheet is replaced with an Al atom. The net charge deficiency is balanced 
with interlamellar cations. When the interlamellar cations are Na, for examples, one can observe a 
zero-water-layer hydration state (0-WLHS), 1-WLHS, or 2-WLHS, of which the c-axis repeat 
distances are 9.81, 11.84, 14.89 A. respectively. Interlamellar cations in vermiculite can be 
exchanged by immersing layered silicates in salt solutions. Various cation intercalated vermiculites 
can be prepared by this method.
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The hydration state in vermiculite is determined by temperature and water-vapor 
pressure. Previously, hydration transitions in vermiculite have been investigated by 
thermogravimetric, calorimetric, and x-ray diffraction methods.80’81'82 The phase boundaries 
between different hydration states can be expressed with the Clausius-Clapeyron equation,
^ H L = .AtiL, i = 1 or2
3 (1 /7 )  R
where AH-| and AH2 are changes of enthalpy in the transitions from a 0- to a 1- WLHS, and from a 
1- to a 2- WLHS, respectively. R is the gas constant. The changes of enthalpy involved in the 
hydration transitions (~12 kcal/mol) are larger than that of bulk water (9.7 kcal/mol). This results 
from the interactions among the interlamellar cations, intercalated water molecules, and host 
silicate layer.79 In addition to the cation-water dipole interaction, the hydration of interlamellar 
cations involves electrostatic interactions, hydrogen bonding, van der Walls interaction, and host- 
lattice distortions (as will be discussed below).
A.3. EXPERIMENT
Our single-crystal samples originated from Llano, Texas. The chemical composition varies 
in the literature, but is approximately79
(Si5.72Al2.28)(Mg5.88Al0.10Feo.03Tio.02)020(OH)4Mgo.93^(H20), 
where the number of water molecules, m, varies depending on the hydration state. Llano 
vermiculite was chosen because of the low-iron content, good crystallinity, and uniformity of the 
sample quality. The samples had been cation exchanged in NaCI solutions for more than 6 
months. The completion of cation exchange was confirmed by (00/) x-ray diffraction patterns, the
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out-of-plane mosaic spread of the crystals was ~4°, while the in-plane mosaic spread was less than 
1 °. These samples are typically 1 0 x 1 0 x 3  mm3 in size.
Our x-ray-diffraction system consisted of an x-ray generator, conventional tube support 
(two outputs), Buerger precession camera, Huber 4-circle diffractometer with a bent-crystal 
graphite monochromator, and a scintillation x-ray detector. The 4-circle diffractometer was 
operated by a Hewlett-Packard HP-9836 computer. The software developed allowed us to 
conduct (hkl) scans. Mo Kai (A=0.709 30 A) and Kcc2 (A =0.713 59 A) lines were used. The 
resolution of the diffractometer is limited by the bent graphite monochromator to be Ak~0.008 A'1 
[where Ak is the full width at half maximum (FWHM)], with a Mo Ka x-ray beam. X-ray diffraction 
data were analyzed by a nonlinear least squares-fit method.
A single-crystal sample of Na vermiculite (cut to a size of 1 x 3 x 0.1 mm3) was mounted on 
a goniometer, and two heaters with a platinum-versus-platinum-10% rhodium thermocouple were 
put close to the sample. An open-ended Kapton cover was placed over the whole sample unit. A 
constant flow of N2 gas which had gone through a water bath maintained at a constant 
temperature (T=22.0±1.0°C) was guided to the sample area. Thus, the vapor pressure was 
maintained within 1°C. At each temperature setting, the x-ray measurements were conducted 
after waiting for 6-12 h to make sure that the sample had reached a stable state.
A.4. RESULTS AND DISCUSSIONS
X-ray-diffraction patterns obtained from Na vermiculite are shown in Fig. A.1 as a function 
of increasing temperature at a fixed water-vapor pressure of 19.8 Torr. When the Na vermiculite 
sample was at room temperature, it exhibited a pure 2-WLHS. the (00/) diffraction pattern yielded a 
d spacing of 14.89 A and an out-of plane correlation length of 160 A, where the correlation length 
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Fig. A.1. (00^ x-ray diffraction patterns from Na vermiculite as a function of temperature at a fixed 
water vapor pressure of 19.8 torr. The inserted firgure (A) shows the basal spacing vs 
temperature, whereas the inserted figure (B) shows the out-of-plane correlation length vs 
temperature (see text).
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As the sample temperature was raised to ~32°C, there appeared a new set of Bragg peaks 
which correspond to the 1-WLHS. these 1-WLHS Bragg x-ray intensities increased at the 
expense of the 2-WLHS peaks with increasing temperature. At 36°C, the set of Bragg peaks from 
the 2-WLHS disappeared, and the sample became a pure 1-WLHS with a d spacing of 
11.84±0.01 A. the out-of-plane correlation length % in the pure 1-WLHS is -140 A, which is a little 
shorter than that in the 2-WLHS. We note, however, that the number of layers which correspond 
to those correlation lengths (£/d) are similar: 10.7 layers and 11.8 layers for the pure 2-WLHS and 
1-WLHS, respectively. As can be seen from Inset (b) in Fig. A.1, the correlation lengths for 2- and
1-WLHS in the coexistence region are much shorter than those in the pure hydration states.
As the temperature was raised further, a set of Bragg peaks from a 0-WLHS phase started 
appearing at 57°C. As before, the Bragg intensities from the 0-WLHS grew at the expense of 
those from the 1-WLHS. The out-of-plane correlation lengths for both the 0- and 1-WLHS were 
shorter in the coexistence region than in the pure-hydration-state regions. Above 68°C, the 
sample became pure 0-WLHS. Unlike the other pure hydration states, the out-of-plane correlation 
lengths for the pure 0-WLHS were still relatively short (4=60 A). The x-ray patterns from the 0- 
WLHS Na vermiculite, which showed somewhat asymmetric peaks and nonconstant linewidths, 
indicated Hendricks-Teller disorder83 in the c-axis stacking sequence. Possible causes for this 
disorder are (1) incomplete dehydration (intercalated water molecules could be trapped as 
dehydration may first occur at the edges, causing the host silicate layers to sag), and (2) in-plane 
disorder, where Na atoms may sit either on the pseudohexagonal cavities or on the triangular 
bases, resulting in slightly different interlayer distances.
Figure A.2 shows plots of d spacing versus temperature from Na vermiculite, which are 
the same data used for inset (A) in Fig. A.1, but are plotted enlarged. As can be seen from these 
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Fig. A.2. d spacing vs temperature from Na vermiculite. The (00^ x-ray diffraction experiments 
were done with increasing the sample temperature.
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2-WLHS showed a slight decrease with increasing temperature, but toward the end of its 
existence, the 2-WLHS d spacing increased. The of spacing in the 1-WLHS also exhibited a similar 
trend, as discussed below, these c-axis lattice expansions with increasing temperature may be 
attributed to a structural change or lattice distortion in the host silicate layers. Na vermiculite in the
0-WLHS showed a sudden cf-spacing increase at 64°C.
The x-ray diffraction measurements were also conducted by lowering the sample 
temperature, otherwise with the same condition. Figure A.3 shows the d spacings for the three 
different hydration phases as a function of decreasing temperature. We notice first that the 
transition temperatures were lowered substantially, indicating a large hysteresis. The transition 
from the 0-WLHS to the 1-WLHS started at 36°C,as compared to the temperature 68°C, at which 
the Na vermiculite sample became a pure 0-WLHS in the increasing-temperature experiment. It is 
interesting to note that in both increasing- and decreasing-temperature cases the 0-WLHS d 
spacing showed a sudden change. The change occurred just before the 1-WLHS disappeared 
(increasing temperature), which is thought to be related to a structural transition in the host silicate 
layers.
Further decreasing the temperature, the sample became a pure 1-WLHS at 32°C (the 
pure 1-WLHS yielded £“ 140 A), and became a mixture of 1- and 2-WLHSs at 28°C. A pure 2- 
WLHS was obtained at 26°C. The out-of -plane correlation length £ after the heating cycle was 
found to be 150 A, which is similar to the value obtained at the beginning. Because of the 
macroscopic expansion (the sample thickness changed more than 50%), the samples sometimes 
became cracked. The microscopic structure of Na vermiculite, however, appeared to recover to its 
original shape after dehydration and hydration processes at relatively low temperatures (the 
maximum temperature reached was 80°C).



















Fig. A.3. d spacing vs temperature from Na vermiculite. The (00/) diffraction experiments 
done with decreasing the sample temperature.
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may be understood if we examine in-plane structure of the host layered silicate layer. The host 
layer forms a rectangular lattice with typical lattice constants ar 5.35 A and b* 9.30 A. Since 
izs rb , the in-plane diffraction pattern shows a pseudohexagonal symmetry.
Figure A.4 shows x-ray diffraction profiles of the (060) peak from Na vermiculite in pure 2-, 
1- and 0-WLHS. The two peaks seen are from Mo Kai and Ka2 lines (the higher intensity peak 
corresponds to Mo Kai and the abscissa shows q values calculated from an average wavelength 
X=0.711 45 A of the Mo Kai and Ka2 lines). Apparent shifts in the peak position indicate that the 
b-axis lattice constant of the host silicate layers varies depending on the hydration state.
Figure A.5 depicts the b lattice constant and in-plane correlation lengths calculated from 
the (0AO) peaks from Na vermiculite as a function of increasing temperature. When the hydration 
state was a pure 2-WLHS, the b lattice constant was 9.30±0.01 A. As the sample temperature was 
raised, the b lattice constant decreased continuously [note that the (060) peak consisted of 2- 
and 1- WLHSs in the coexistence region], and became constant in the pure 1-WLHS 
(b=9.27±0.0lA). With a further increase in temperature, the b lattice constant again decreased 
further in the coexistence region of the 1- and 0- WLHSs. When the hydration state became a 
pure 0-WLHS, the b lattice constant was stable (b=9.23±0.01 A).
It is well known that because of the misfit between octahedral and tetrahedral sheets 
there is a rotation of adjacent tetrahedral in opposite directions in the (001) plane. The amount of 
the rotation necessary to relieve the misfit is given by84
cosa=b0bs/kideal <
where a is the rotation angle, bobs is the observed b lattice constant, and bjdeal is defined as the 
calculated value of b for an unconstrained tetrahedral sheet. Note that the rotation does not 
change the lattice constant a. Thus, the contraction of the lattice constant b upon dehydration 
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Fig. A.4. (060) Bragg-peak profiles from Na vermiculite in 0-, 1-, and 2- WLHSs. The spreading of 
the peak originates from the Mo Kai and Ka2 lines. The abscissa shows q values calculated from 
the average wavelength >.=0.71145 A of the Mo Kai and Ka2 lines. The vertical line in the figure 
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Fig. A.5. Upper: lattice constant b vs temperature. Lower: in-plane correlation length vs 
temperature. The experiments were done increasing the sample temerpature.
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increase. The increase in d spacing with dehydration in Na vermiculite discussed above reflect this 
fact.
Figure A.6 shows a Buerger x-ray precession picture from Na vermiculite in the 1-WLHS. 
As seen in the picture, in addition to the original host-lattice Bragg diffraction spots, there are extra 
spots which originate from the (2a x 2b) and (2a x 2b)R60° superlattices (as mentioned above, the 
crystal has a pseudohexagonal symmetry). X-ray pictures from the same Na vermiculite sample but 
in the other hydration states did not exhibit any noticeable superlattice peaks (for comparison, an 
x-ray picture from the sample in a 2-WLHS is also shown in Fig. A.6). This implies that the 
interlamellar Na cations (and surrounding intercalated water molecules) for Na vermiculite in the 1- 
WLHS form a (2a x 2b) superlattice, but do not do so in the 0- or 2-WLHS. In the 1-WLHS the Na 
cations might form a pair, one cation on the tetragonal base and the other in the cavity. In the 2- 
WLHS the mobility of the intercalated Na ions was found to be much larger than those of 1 - and 0- 
WLHS.85 The Na ions may be moving around irrespective of the host-lattice layer in the 2-WLHS.
Previously, Raman spectra from Na vermiculite have been recorded as a function of 
hydration state.73 Figure A.7 shows the spectra. It was not understood then why the A" torsional 
Raman peak65 at 105 cm'1 in the 1-WLHS had a narrower peak width than those corresponding 
peak widths in 0- and 2-WLHSs, and (2) why a new extra peak at 137 cm'1 appeared in the 1- 
WLHS.
It is now understood that the narrowing of the A "peak at 105 cm'1 for Na vermiculite in the
1-WLHS may be caused by the ordering of the intercalates. The broader A"peaks in the 0- and 2- 
WLHSs imply that the intercalates may be disordered between the host silicate layers.
Also, we state that the extra peak at 137 cm'1 in the Raman spectrum from Na vermiculite 
in the 1-WLHS may be a consequence of the formation of a (2a x 2b) superlattice. Because of the 
doubling of the unit cell, some zone-boundary phonons could become zone-center Raman active
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#  Host - lattice peaks.
O Host - lattice peaks (*■ 12).
A  (2a x 2b) intercalate - lattice peaks.
A  (2a x 2b)R60 in tercalate - la ttice peaks.
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Fig. A.6. Buerger x-ray precession photograph from Na vermiculite in the 1-WLHS (upper photo). 
An x-ray photograph from an Na vermiculite sample in the 2-WLHS is shown for comparison (lower 
photo). The schematic diagram shows the diffraction spots from the host (a x b) lattice, and the (2a 
x 2b), (2a x 2b)R 60°, and (2a x 2b)R (-60°) intercalate lattices. Because the films were 
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Fig. A.7. Raman spectra taken from Na vermiculite in the 0-, 1-, and 2-WLHSs. A mode-locked 
5145-A ArMaser beam was used in the pseudo-Brewster-angle geometry. The figure is from Ref. 
71.
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modes (zone folding). In fact, from the inelastic-neutron-scattering experiments of Wada et al.,14 
the energy of the zone-boundary in-plane LA phonon in Mg vermiculite in a 2-WLHS may be 
extrapolated to be 17 meV or 136 cm*1. We expect that the in-plane LA mode would not be too 
sensitive to the interlamellar cations. The 137 cm"1 Raman peak from Na vermiculite in the 1- 
WLHS, therefore, may be assigned to be a zone-folded optical phonon from the in-plane LA 
branch.
A.5. CONCLUSIONS
It is concluded from the x-ray-diffraction experiments described above that the hydration 
transitions are (weakly) first order, evidenced by the coexistence of two phases and relatively large 
hysteresis. In the coexistence regions, from the widths of the Bragg peaks, each domain size was 
found to be relatively small. The correlation length of the 0-WLHS was found to be about half that 
in 2- and 1-WLHSs. Possibilities such as water -molecule trapping and in-plane interlamellar 
disorder as reasons for the shorter 0-WLHS correlation length were suggested. The hydration 
transitions involve two-dimensional diffusion of water molecules between silicate layers. The large 
hysteresis implies that there is a substantial energy barrier for expanding the host layers upon 
intercalation.
It was also found that the host silicate layers experience substantial structural change 
during the hydration and dehydration processes (no absolute layer rigidity). The transitions in Na 
vermiculite involved a substantial host-lattice distortion or rotation of the tetragonal bases in the 
host-silicate layers. This leads us to conclude that the long-range interlayer interaction 
responsible for the hydration transitions may be attributed to the elastic deformation of the host 
lattice. The detailed mechanism, however, is not fully understood yet. The elastic deformation 
should be related to the hydrogen bonding between the intercalated water molecules, the
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surface oxygen atoms, and the positions of the interlamellar cations.
The origin of the (2a x 2b) superlattice specific to the 1-WLHS is also not clear at this time. 
More work is needed to determine the in-plane structure of the 1-WLHS, as well as those of the 0- 
and 2-WLHSs, which may contribute to an understanding of the mechanism for the hydration 
transitions.
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An x-ray diffraction data acquisition and analysis program (XRD ) was developed for 
operation of the 4-circle diffractometer in the Structures of Materials lab. The intended application 
is for a Huber 511.1 Eulerian cradle, using a Klinger stepper motor controller. X-ray intensity 
information is obtained with the Canberra dual counter/timer 2017A. Devices are connected 
through IEEE-488 cables to a GPIB adapter in the computer. Hardcopies are obtained on an HP 
7470A plotter connected to the GPIB, or by a graphics printer connected to an RS-232 port in the 
computer. Either Cu or Mo Ka radiation can be used. The code was written in QuickBasic™ and 
compiled. The program can be run on most IBM or IBM-compatible PCs, whether or not the x-ray 
diffraction hardware is available.
Several innovations were implemented in XRD  which reduce the effort needed to 
perform experiments. The software utilizes different coordinate representations of the 
diffractometer, and expresses them in terms of the diffractometer angles. The different 
coordinates are implemented in program modules. The Angle Scan module is useful in most 
experiments. It can acquire data in the form of Theta/2Theta scans, or any other mechanical 
rotation. The(hkl) Scan module establishes a coordinate system based on a predetermined single 
crystal orientation. It is useful for obtaining intensity information for any observable peak, for 
investigating superlattice formation, and for precise alignment checks. The Glancing Angle Scan 
module was designed for thin film investigation, and has not yet been given the opportunity to 
show its merit. Unit-Cell Model facilitates structure factor calculations. The scheme of the main 
XRD program and its modules is depicted in Fig. B.1.
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Fig. B.1. Schematic diagram of the XRD computer program. The main module branches to data 
acquisition and computation modules.
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The four mechanical angles are referred to as Phi, Chi, Theta, and 2Theta. Omega, on the 
other hand, has been (re)defined as the difference between Theta and half of 2Theta. The 4- 
circle diffractometer is depicted in Fig. B.2. The Theta angle is displayed at its origin. However, 
during data acquisition from single crystals, Theta is commonly rotated away from the origin by half 
the angle 2Theta (although it need not be). An Angles routine is contained in the XRD program 
which permits direct manipulation of the diffractometer angles, and allows "live" monitoring of the 
count rate. This routine greatly simplifies alignment procedures. Users interested in maintaining 
the condition Omega=0 will have one less freedom to negotiate if they use the Omega-lock 
options properly. In addition, an Angles:Maximize command enacts a volatile form of data 
acquisition used to find Bragg peaks (or the main beam, in the case of alignment). Maximization 
loops are nested loops, unlike scan loops. Once the orientation resulting in maximum intensity 
scattering is obtained, the user may move to one of the scan modules to acquire data which will be 
written to disk. The AnglesiCount feature triggers the counter. The AnglesiReset feature reads 
the present angles.
Outlines of the XRD modules described here are in section B.2. All of the scan modules 
have a Program option, which allows the user to enter a sequential set of commands into the scan 
program. Program.Return enters the command to move Theta and 2Theta to the origin. 
Program:Wait uses the counter/timer to delay further scanning for a designated time interval. The 
Program.File option creates a scan file, or selects an existing scan file. The scan file contains all of 
the information on the type of scan to perform. Program:File:Edit allows the scan coordinates, 
display, and other variables to be changed. Program:File:Program enters the scan file into the 
scan program. ProgramiFile.Delete kills the scan file.
Selecting Scan in one of the scan modules will begin execution of the scan program. Data 













Fig. B.2. Huber 511.1 Eulerian cradle x-ray 4-circle diffractometer with Bicron scintillation detector. 
The scattering geometry is suggested by the arrows.
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option displays an existing data file, or combines and displays multiple repetitions as a single data 
set. Data:File-.Display is used to scale the display and change graph parameters. Data.FUeMarkers 
displays two markers which can be used for data analysis. Data:FileMarkers'.Analyze selects the 
region between the markers and shows the area and maximum. Data:FileMarkers:Analyze:Gauss 
fits the region with a Gaussian function. Data:FileMarkers:Analyze:Q-Fit fits the region with a 
double Gaussian function for a bichromatic x-ray beam. The software recognizes only Mo and Cu 
Ka radiation. Data:File:File:lnfo displays the file heading. Data:File:File:Transfer saves the file with 
any selected filename. Data:File:File -.Reformat saves the file as a two-column data list with the 
extension ".DAT”.
Data input is greatly simplified for quick entry of variables. One or two default values are 
obtainable at each prompt by pressing the up and down arrows on the keyboard. Computation of 
diffractometer angles is done automatically by alignment information stored in the file XRD.DAT.
The complete rotational matrix for the diffractometer can be found by multiplying the 
individual mechanical rotational matrices in the correct order. Defining the y-axis as the direction of 
the incident beam, and the x-y plane as that in which the detector moves, these matrices can be 
written:
rcost}> sin<|> 0 fcosx 0 -sinx' 'cose sine 0 1
A = -sin<> cost}) 0 , B = 0 1 0 ,C = -sine cose 0
\ 0 0 1 / v sinx 0 cosx^ V 0 0 1 /
Their product gives the most general rotational matrix for the diffractometer, called M, which can 
be used to relate the sample coordinates to the lab coordinates:
[ y | = ABC( y | = Nl[ y '
' 2 'lab V 2 'sample \ z /sample
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Careful analysis of M can greatly aid in obtaining the correct geometry for a particular XRD 
application.
Angle Scan has been used for single crystal experiments, powder experiments, and thin 
film experiments. Theta/2Theta, 2Theta only, Phi, Chi, and Omega scans (called rocking curves) 
are commonly preformed with this software. The fitting routines allow thorough peak analysis.
The (hkl) Scan module has not only been demonstrated to be correct in its mathematical 
framework, but, in fact, useful in diffractometer alignment. The idea is to use the reciprocal lattice 
coordinates, specified by the Miller indices (hkl), as the degrees of freedom. Fig. B.3 shows data 
from (hkl) scans of a YBCO single crystal, (hkl) Scan requires the user to first establish an 
unambiguous reciprocal lattice coordinate system by identifying three independent reciprocal 
lattice vectors (RLVs). The orientation U is found by evaluating the g-vector (q = Ak) for three (hkl) 
vectors, and then solving for the elements of the U matrix (Ujj).
U







The Bragg coordinates are those in which the sample is rotated to scatter x-rays with the 
designated g-vector. When the Bragg condition is satisfied, the photon momentum transfer 
vector is identical to a RLV of the crystal (Fig. B.4). This vector bisects the angle between the 
incident and scattered photon momentum vectors, since the scattering is elastic. The Bicron 
detector is on an armature which rotates in the x-y plane (horizontally). In order to detect the 
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Bragg condition: 2<dsin0 = nX





1 cos(T/2) sin(T/2) 
-sin(T/2) cos(T/2)
lab 0 0
/ q \ 
o
\o /Bragg,
where T^2Theta. In the lab frame the beam orientation is fixed. The detector is rotated by an 
angle T, and the crystal by an angle T/2 such that:
q = 4s. sin (T/2)
A,
The Bragg condition depends on a RLV matching the change in photon wave vector. The 
orientation of the RLV is invariant as the crystal is rotated with the RLV as its axis. This indicates 
that another degree of freedom inherent to the diffractometer exists. Our diffractometer has four 
mechanical circles, but the {hkl) coordinates only allow three types of movement. The extra 
freedom is embodied in an angle, called Rho, which measures the rotation about the RLV axis. 
For convenience, the angle is defined such that Rho=0° when Omega=0°. The Rho rotation can 
be expressed in matrix form as:
D
Notice that:
1 1 0 0 \
0 cosp sinp 




















Fig. B.5. Rho scan XRD data from the (200) peak of a YBCO single crystal sample in a DAC.
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(020) peak from a single crystal YBCO sample. Ideally, the intensity would be constant for all 
values of Rho (0° -  Rho < 360°). Unavoidable obstructions and misalignment greatly reduce the 
practical range of Rho. However, Rho has been found to be useful for detecting a Bragg peak that 
happens to be obstructed in the usual experimental arrangement (usually Rho=0°).
The position at which Theta=0° is not clearly defined on the diffractometer. Intensity 
invariance of a Bragg peak under Rho rotation is a good test of the correct Theta origin. Just 
evaluate the Chi, Phi, and Theta at two different positions which satisfy the same Bragg condition. 
The correct zero position for Theta, Go, is given by:
cos (oi sin xi - cos o>2 s'n %2Go = atn
sin co*i sin ~sin w2 sln %2 
The {hkl) construction requires that the x-ray source have a single well-defined 
wavelength. Since Mo Ka radiation is being used, the mean wavelength of X=(2 x 0.709 
30+1x0.713 59)/3=0.710 73 A is used for calculation (the Ka lines have an intensity ratio of 2:1). 
A surprising number of Bragg reflections could in principal be investigated with our apparatus. 
Dividing the Ewald sphere volume for molybdenum x-rays by the approximate density of Bragg 
reflections for YBCO:
4rc/47r V*
- x = 4jc(ab£Ul 2,240
However, this number is greatly limited by obstructions that are inherent to the apparatus.
The Unit-Cell Model module provides an environment in which x-ray structure factors can 
be calculated for various crystal types. Atoms (or ions) are considered to be spherically symmetric 
in the model, and calculations of atomic distributions have been tabulated.86 The distribution
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information is contained in the x-ray form factor for the atom, which is the Fourier transform of the 
electron density. The structure factor is the complete Fourier transform of the electron density in 
the unit-cell, and its amplitude squared gives the diffracted intensity for observed diffraction 
peaks. Fig. B.6 shows a calculation of the (00^ XRD pattern commonly observed for YBCO (x=0), 
with typical data shown for comparison. The crystal structure of YBCO has been extensively 
discussed and documented.87*88
In Unit-Cell Model, the main display shows the programmed crystal model list, rather than a 
scan list. Program is used to affect the present model. Program:File is used to enter an atom into 
the unit-cell. The lattice site for an atom is entered with coordinates that are normalized to the unit­
cell ( 0 ^ x < 1 , 0 % < 1 , 0 ^ z < 1 ) .  Program\Atoms is used to create an atomic file, either by typed 
data entry, or by calculation, using an H-like ground state distribution. Atomic files, with extension 
.ATM, may also be easily created using a standard word processor.
B.2. OUTLINES
Outline for XRD Module 
Path: Select desired sample directory (and backup) for saving information and data.
Change: Change the present sample directory.
Remove: Completely remove the selected sample directory.
Backup: Transfer files from selected data path to backup data path.
Material: Change the material and/or sample notes.
Experimental: Change the primary experimental parameters.
Calculate: Enter the RPN XRD calculator mode.
+, *, /, A: Operate on numbers at the top of the stack.
Constants: Enter Pi or x-ray wavelength.
Trig: Perform trigenometric operations on displayed number.
Log: Perform logarithmic operations on displayed number.






















Fig. B.6. (00I) {hkl) Scan x-ray diffraction pattern (top) and Unit-Cell Model calculation (bottom) of 
orthorhombic YBCO.
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Change: Move diffractometer directly to the entered angles.
Reset. Reset the maximization loop angles to their present values. 
Select: Enter the limiting angles and number of steps for maximization. 
Maximize: Enter a nested maximization loop.
Count: Display present measured intensity.
System: Set GPIB device parameters, and alignment variables.
Select. Select a GPIB device.
Status: Turn device on/off.
Device: Change device name in GPIB configuration.
Name: Check if device is in GPIB configuration.
Wait Turn angle-wait on/off, if appropriate.
Change: Change angle variables, if appropriate.
Save: Update the file XRD.DAT, containing device parameters.
Load: Reload the old device parameters, writing over changes. 
Dos-Shell: Puts the user at the DOS level. Type ‘EXIT’ to resume program.
Quit: Leave XRD program.
Outline for Angle Scan Module 
Program: Offer options related to the scan list.
File: Prompt the user for the name of a new or existing scan file.
Edit: Change scan parameters specified in the scan file.
Scan-vars: Change the resolution/number of scan repetitions. 
Display. Change the data acquisition display.
Coords: Change the initial/final scan coordinates.
Omega-lock: Change between Omega and Theta coordinates. 
Print Change the auto-printing status in the scan file.
Program: Enter the scan file into the scan list.
Delete: Kill the present scan file.
Delete: Delete the last entry on the scan list.
Erase: Erase the whole scan list.
Return: Program a Theta/2Theta return to origin command.
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Wait. Program a delay of desired interval in program execution.
Scan: Begins execution of the scan program.
Pause: Stops data collection and return command to the user.
Continue: Resumes data collection.
Scan-Time: Displays the remaining time in the present scan. 
Total-Time: Displays the remaining time in the scan program. 
Update: Writes all the data collected in the present scan.
Dos-Shell: Puts the user at the DOS level.
Quit: Abort program execution.
Data: Offers options related to viewing data files.
File: Prompt the user for the name of an existing data file.
Display: Offer options concerning the displayed data file.
X-axis: Change horizontal parameters.
Coords: Select abscissa.
Scale: Change x-axis scale or tick marks.
Y-axis: Change vertical parameters.
Log/Lin: Select log(Counts/sec) or Counts/sec. 
Scale: Change y-axis scale or tick marks.
File: Offer options concerning the data file format.
Transfer. Save file under a new name.
Reformat Save file in 2-column Grapher™ format.
Info: Display everything about the file.
Print: Print out file info.
Heading: Change the displayed file heading.
Markers: Show 2 markers that can be used for data analysis.
Help: Show the key functions for the markers.
Analyze: Evaluate statistics of region between markers. 
Smooth: Smooth the data in the selected region. 
Q-fit Fit the peak as a double Gaussian.
Vary. Vary the parameters of the Q-fit. 
Paste: Paste the Q-fit into the background. 
Gauss: Fit the peak as a Gaussian.
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Vary. Vary the parameters of the Gauss fit. 
Paste: Paste Gauss fit into the background. 
Plot. Plot information at the peak maximum.
Plot: Plot information at the marker position.
Smooth: Smooth all the data with the displayed coefficients.
Plot: Plot out the displayed graph.
All: Plot out the whole graph.
Heading: Plot out the heading.
Data: Plot out the data.
Axes: Plot out the axes.
Label: Plot a label along the left margin.
Print: Print out the present screen display.
Dos-Shell: Puts the user at the DOS level.
Quit: Leave Angle Scan module and return to XRD main program.
Outline for (hkl) Scan Module 
Program: Offer options related to the scan list.
File: Prompt the user for the name of a new or existing scan file.
Edit: Change scan parameters specified in the scan file.
Scan-vars: Change the resolution/number of scan repetitions. 
Display. Change the data acquisition display.
Coords: Change the initial/final scan coordinates.
Omega-lock: Change between Omega and Theta coordinates. 
Print. Change the auto-printing status in the scan file.
Program: Enter the scan file into the scan list.
Delete: Kill the present scan file.
Delete: Delete the last entry on the scan list.
Erase: Erase the whole scan list.
Return: Program a Theta/2Theta return to origin command.
Wait Program a delay of desired interval in program execution.
Orientation: Enter positions of 3 Bragg peaks to establish orientation.
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Select: Change one of the 3 entered Bragg peak positions.
Branch: Select a branch to restrict the domain of the diffractometer angles. 
Print Print Bragg peak positions. The loop is nested four times.
Scan: Begins execution of the scan program.
Pause: Stops data collection and return command to the user.
Continue: Resumes data collection.
Scan-Time: Displays the remaining time in the present scan. 
Total-Time: Displays the remaining time in the scan program. 
Update: Writes all the data collected in the present scan.
Dos-Shell: Puts the user at the DOS level.
Quit Abort program execution.
Data: Offers options related to viewing data files.
File: Prompt the user for the name of an existing data file.
Display. Offer options concerning the displayed data file.
X-axis: Change horizontal parameters.
Coords: Select abscissa.
Scale: Change x-axis scale or tick marks.
Y-axis: Change vertical parameters.
Log/Lin: Select log(Counts/sec) or Counts/sec. 
Scale: Change y-axis scale or tick marks.
File: Offer options concerning the data file format.
Transfer. Save file under a new name.
Reformat Save file in 2-column Graphei™ format.
Info: Display everything about the file.
Print Print out file info.
Heading: Change the displayed file heading.
Markers: Show two markers that can be used for data analysis.
Help: Show the key functions for the markers.
Analyze: Evaluate statistics of region between markers. 
Smooth: Smooth the data in the selected region. 
Gauss: Fit the peak as a Gaussian.
Vary. Vary the parameters of the Gauss fit.
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Paste: Paste Gauss fit into the background. 
Plot Plot information at the peak maximum.
Plot: Plot information at the marker position.
Show-Q: Display the Q-value at the present marker position. 
Smooth: Smooth all the data with the displayed coefficients.
Plot Plot out the displayed graph.
All: Plot out the whole graph.
Heading: Plot out the heading.
Data: Plot out the data.
Axes: Plot out the axes.
Label: Plot a label along the left margin.
Print: Print out the present screen display.
Dos-Shell: Puts the user at the DOS level.
Quit Leave (hkl) Scan module and return to XRD main program.
Outline for Unit-Cell Model Module 
Program. Offer options related to the model list.
Atoms: Make or change an atomic x-ray form factor file.
Calculate: Calculate H-like form factor automatically.
File: Prompt the user for the name of a new or existing atom file.
File: Make or change an atomic model file in the unit-cell model.
Edit: Change atomic parameters specified in the atom file.
Program: Enter the atomic file into the model list.
Delete: Kill the present atomic file.
Delete: Delete the last entry on the model list.
Erase: Erase the whole model list.
Data: Set up calculation of the structure factor with the selected unit-cell dimensions. 
Model: Compute and display the calculation of scattered intensity.
Display. Offer options concerning the displayed data file.
X-axis: Change horizontal parameters.
Coords: Select abscissa.
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Scale: Change x-axis scale or tick marks.
Y-axis: Change vertical parameters.
Log/Lin: Select log(Z) orZ, where Z is intensity. 
Scale: Change y-axis scale or tick marks.
Markers: Show 2 markers that can be used for data analysis.
Help: Show the key functions for the markers.
Plot: Plot information at the marker position.
Show-O. Display the Q-value at the present marker position. 
Plot: Plot out the displayed graph.
All: Plot out the whole graph.
Heading: Plot out the heading.
Data: Plot out the "data".
Axes: Plot out the axes.
Label: Plot a label along the left margin.
Print: Print out the present screen display.
Dos-Shell: Puts the user at the DOS level.
Quit Leave Unit-Cell Model module and return to XRD main program.
T-4048 89
REFERENCES CITED
11ntercalation in Layered Materials. Ed. M. S. Dresselhaus, (Plenum Press, New York, 1986).
2Neil Bartlett, B. W. McQuillan, Intercalation Chemistry Ed. M. Stanley Whittingham, Allan J.
Jacobson, (Academic Press, San Diego, 1982). 
intercalation Chemistry. Ed. M. Stanley Whittingham, Allan J. Jacobson, (Academic Press, San 
Diego, 1982).
4Hiroshi Kamimura, Phvsics of Intercalation Compounds Ed. L. Pietronero, E. Tosatti, (Spinger- 
Verlag, New York, 1981).
5H. Zabel, A. Magerl, Physical Review B. 1982, 25 , 2463-2471.
6Roy Clarke, N. Wada, S. A. Solin, Physical Review Letters. 1980, 44,1616-1619.
7D. Billaud, J. Mareche, E. McRae, A. Herold, Synthetic Metals. 1980, £, 37-46..
8A. M. Hermann, R. Somoano, V. Hadek, A. Rembaum, Solid State Communications. 1973,15, 
1065-1068.
9Hiqh Temperature Superconductivity. Proceedings of the Los Alamos Svmposium-1989. Ed. K. 
S. Bedell, D. Coffey, D. E. Meltzer, D. Pines, J. R. Schrieffer, (Addison-Wesley, New York, 
1990).
10R. Letoullec, J. C. Pinceaux, P. Loubeyre, High Pressure Research. 1988,1, 77-90.
11N. Wada, Rasik Raythatha, Shigeru Minomura, Solid State Communications. 1987, 55, 783- 
786.
12R. E. Grim, Clav Mineralogy (McGraw-Hill. New York, 1968).
13C, De La Calle, H. Suquet, H. Pezerat, C lav M inerals. 1985,25, 221-230.
14N. Wada, W. A. Kamitakahara, Physical Review B. 1991,42, 2391-2397.
T-4048 90
15Z. Z. Sheng, A. M. Hermann, Nature. 1988, 332. 138-139.
16Gerald Burns, F. H. Dacol, C. Field, F. Holtzberg, Solid State Communications. 1990, Z5. 893- 
896.
17Y. Le Page, T. Siegrist, AS. A. Sunshine, L. F. Schneemeyer, D. W. Murphy, S. M. Zahurak, J. 
V. Waszczak, W. R. McKinnon, J. M. Tarascon, G. W. Hull, L. H. Green, Physical Review B. 
1987, ££, 3617-3621.
18S. Li, A. Hayri, K. V. Ramanujachary, M. Greenblatt, Physical Review B. 1988,2S, 2450-2453. 
19Y.Morioka, A. Tokiwa, M. Kikuchi, Y.Syono, and K. Nagase, Solid State Communications 1989, 
££, 1127-1129.
20Eiji Takayama-Muromachi, Yoshishige Uchida, Motohiko Ishii, Takaho Tanaka and Katsuo Kato, 
Japanese Journal of Applied Phvsics 1987, L1156-L1158.
21C. Namgung, J. T. S. Irvine, J. H. Binks and A. R. West, Superconductor Scienpe and 
Technology 1988, 169-172.
22J. D. Jourgensen, B. W. Veal, A. P. Paulikas, L. J. Nowicki, G. W. Crabtree, H. Claus, W. K.
Kwok, Physical Review B. 1990, 41, 1863-1877.
23Hiroyuki Oyanagi, Hideo lhara, Toshiya Matsubara, Tadashi Matsushita, Masayuki Hirabayashi, 
Madoka Tokumoto, Keizo Murata, Norio Terada, Kiyoshi Senzaki, Takafumi Yao, Hiroshi 
Iwasaki, Yoichi Kimura, Japanese Journal of Applied Phvsics 1987, L1233-L1236.
24R. O. Crubellati, P. N. Smichowski, D. A. Batistoni, G. Polla, E. Manghi, Solid State 
Communications. 1990, Z£,, 101-104.
25l. Cornejo, J. Ahn, J. Trefny, B. Yarar, Poster Session of the Conference on the Science and 
Technology of Thin-Film Superconductors, April 30 - May 4, 1990, Denver, Colo.
26M. Ould Die, C. Picard, P. Gerdanian, B. Poumellec, B. Touzelin, Solid State Communications.
T-4048 91
1990, JA, 483-486.
27Oxvgen Disorder Effects in High-Tc Superconductors. Ed. J. L. Moran-Lopez, Ivan K. Schuller, 
(Plenum Press, New York, 1990).
28J. L. Hodeau, C. Chaillout, J. J. Capponi and M. Marezio, Solid State Communications 1987, £4, 
1349-1352.
29C. Thomsen, M. Cardona, B. Gegenheimer, R. Liu, A. Simon, Physical Review B. 1988, £7, 
9860-9863.
30Debra L. Kaiser, Frank W. Gayle, Robert S. Roth, Lydon L. Schwartendruber, Journal of 
Materials Research. 1989, 4, 745-747.
31 S. T. Weir, W. J. Nellis, M. J. Kramer, C.L. Seaman, E. A. Early and M. B. Maple, Applied Phvsics 
LMJ2IS 1990, £6, 2042-2044.
32B. Horovitz, G. R. Barsch, J. A. Krumhansl, Physical Review B. 1987, 36, 8895-8898.
33J. E. Schirber, D. S. Ginley, E. L. Venturini and B. Morosin, Physical Review B 1987. 35. 8709- 
8710.
34P. H. Hor, L. Gao, R. L. Meng, Z. J. Huang, Y. Q. Wang, K. Forster, J. Vassilious, C. W. Chu, 
Physical Review Letters 1987,££, 9 911-912.
35N. V. Jaya, S. Natarajan and G. V. Subba Rao, Solid State Communications 1988, £,51-54.
36J. S. Olsen, S. Steenstrup, I. Johannsen, L. Gerward, Zeitschrift fur Phvsik B - Condensed 
Matter. 1988,22, 165-168.
37H. Ledbetter and M. Lei, Journal of Materials Research 1990, £, 241-244.
38 T. F. Ciszek, C. D. Evans, Journal of Crystal Growth 1991,109. 418-425.
39G. J. Piermarini, S. Block, Review of Scientific Instruments. 46, 1975, 973-979.
40F. Reif. Fundamentals of Statistical and Thermal Phvsics. (McGraw-Hill, New York, 1965).
T-4048 92
41 A. Erie, S. Blumenroder, E. Zirngiebl, G. Guntherodt, Solid State Communications. 1990, Z2, 
753-757.
42K. Syassen, M. Hanfland, K. Strossner, M. Holtz, W. Kress, M. Cardona, U. Schroder, J. Prade,
A.D. Kulkarni, and F.W. De Wette Phvsica C 1988,15a, 264-265.
43N. Wada, private communication.
44A. Li, Phvsics Review Letters 1990, 54, 3086.
45D. H. Lowndes, D. P. Norton, and J. D. Budai, Physical Review Letters 1990. 55, 1160.
46Zlatko Tesanovic, Physical Review B. 1987, 36, 2364-2367.
47J. Ohkawa, Solid State Communications. 1990, Z5, 145-148.
48Tsuyoshi Kijima, Junzo Tanaka, Yoshio Bando, Mitsuko Onoda, Fujio Izumi, Japanese Journal 
of Applied Phvsics. 1988, 21, L369-L371.
49Kenji Hiraga, Makato Hirabayashi, Masae Kikuchi, Yasuhiko Syono, Japanese Journal of Applied 
Phvsics. 1988, 21, L573-L576.
50Yoshio Matsui, Hiroshi Maeda, Yoshiaki Tanaka, Shiego Horiuchi, Japanese Journal of Applied 
Phvsics. 1988, 27, L372-375.
51 Hiroshi Maeda, Yoshiaki Tanaka, Masao Fukutomi, Toshihsa Asano, Japanese Journal of 
Applied Phvsics. 1988, 21, L209-L210.
52J. E. Fischer, P. A. Heiney, P. K. Davies, D. Vaknin Physical Review B 1989, 22, 2752-2755.
53G. A. Scholz, F. W. Boswell, Solid State Communications. 1990, Z4, 959-960.
54X.-D. Xiang, S. McKernan, W. A. Vareka, A. Zettl, J. L. Gorkill, T. W. Barbee III, M. L. Cohen, 
Nature, 1990, 245, 145-146.
55T. F. Ciszek, J. P. Goral, C. D. Evans, H. Kataymada-Yoshida, Journal of Crystal Growth. 1988, 
21, 312-317.
T-4048 93
56X. D. Xiang, A. Zettl, W. A. Vareka, J. L. Corkill, T. W. Barbee III, Marvin L. Cohen, Physical 
Review B. 1991,42, 11 496.
57Chellam Ramakrishnan, R. K. Rajaram, N. Krishnamurthy, Solid State Communications. 1989, 
22, 555-557.
58M. Boekholt, A. Erie, P. C. Splittgerber-Hunnekes, G. Guntherodt, Solid State 
Communications. 1990, Z4, 1107-1112.
59Handbook of Chemistry and Phvsics. 65th Edition. Ed. Robert C. Weast, (CRC Press, Boca 
Raton, 1984).
60Raymond E. Davis, Kenneth D. Gailey, Kenneth W. Whitten, Principles of Chemistry. (Saunders 
College Publishing, San Francisco, 1984).
61 Crystal Structures of Clav Minerals and their X-Rav Identification. Ed. G. W. Brindley and G.
Brown (Mineralogical Society, London, 1980).
62 H. van Olphen, An Introduction to Clav Colloidal Chemistry (Wilev. New York, 1977).
63A. Khurana, Phvsics Today 1988, 41, (4), 21.
64H. Deguchi, N. Morita, Y. Moriyasu, K. Takeda, S. Yamanakapa, K. Amaya, Journal of the 
Physical Society of Japan 1985, 54, 3320.
65P. Wong, J. Howard, J. Lin, Phvsics Review Letters. 1986, 5Z, 637.
66H. Van Damme, P. Levitz, L. Gatineau, Chemical Reactions in Organic and Inorganic 
Constrained Systems. Ed. R. Setton (Reidel, Dordecht, The Netherlands, 1985), 283. 
67B. R. York, S. A. Solin, N. Wada, R. Raythatha, I. D. Johnson, and T. J. Pinnavaia, Solid State 
Communications, 1985,5 4 ,475.
68H. Kim, W. Jin, S. Lee, P. Zhou, T. J. Pinnavaia, S. D. Mahanti, S. A. Solin, Phvsics Review 
Letters. 1989,52, 3066.
T-4048 9 4
69S. Lee, H. Miyazaki, S. D. Mahanti, S. A. Solin, Physical Review Letters. 1989, 55, 3066.
70M. F. Thorpe, Phvsics Review B. 1989, 25 , 10 370.
71 J. M. D. Doey, Prodeedings of the International Clav Conference. Ed. L. G. Schultz, H. van 
Olphen, and F. A. Mumpton (Clay Minerals Society, Bloomington, MN.1987), p. 261.
72M. Takahashi, M. Sato, S. Ishio, K. Ohtsuki, M. Suda, M. Ono, Japanese Journal of Applied 
EittS ICS. 1986,25, 1348.
73N. Wada, M. Suzuki, D. R. Hines, K. Koga, H. Nishihara, Journal of Materials Research. 1987, 2, 
864.
74S. A. Safran, Physical Review Letters. 1980, M , 937.
75C. De La Calle, A. Plancon, C. H. Pons, J. Dubernat, H. Suquet, H. Pezerat, Clav Minerals. 
1985, 12, 563.
76J. E. Alcover, L. Gatineau, J. Merring, Clavs and Clav Minerals. 1985,22, 51.
77H. Shirozu, S. W. Bailey, Am erican M ineralogy. 1966,5 1 , 563.
78P. G. Slade, P. A. Stone, E. W. Radoslavich, Clavs and Clav Minerals. 1987, 33, 51.
79P. G. S lade, C. Dean, P. K. Schultz, P. G. Self, Clavs and C lav M inerals. 1987,2 5 , 177.
80M. Suzuki, N. W ada, D. R. Hines, M. S. Wittingham, Physical Review B. 1987,25 , 2844.
81H. van Olphen, Journal of Colloid Science. 1965,25 , 822.
82l. Bashard, Clav Minerals. 1960,2, 84.
83S. Hendricks, E. Teller, Journal of Chemical Phvsics. 1942, IQ, 147.
84S. W. Bailey, Micas. Vol. 13 of Reviews in Mineralogy. (Mineralogical Society of America, 
Washington, D. C., 1984), p. 13, and references therein.
85M. S. W hittingham , Solid-State Ionics. 1987, 25 , 295.
86lnternational Tables For X-Rav Crystallography. (Kynoch Press, Birmingham, 1974.)
T-4048 95
87Q. W. Yan, P. L. Zhang, Z. G. Shen, J. K. Zhao, Y. Ren, Y. N. Wei, T. D. Mao, C. X. Liu, T. S.
Ning, K. Sun, Q. S. Yang, Physical Review B. 1987,26, 8810 
88G. Calestani, C. Rizzoli, Nature. 1987, 328. 606-607.
T-4048 96
SELECTED BIBLIOGRAPHY 
Intercalation in Layered Materials. Ed. M. S. Dresselhaus, (Plenum Press, New York, 1986). 
Oxvaen Disorder Effects in High-Tc Superconductors. Ed. J. L. Moran-Lopez, Ivan K. Schuller, 
(Plenum Press, New York, 1990).
Ralph E. Grim, Clav Mineralogy. (McGraw-Hill, New York, 1968).
Peter Luger, Modern X-Rav Analysis on Single Crystals. (Walter de Gruyter, New York,1980).
B. K. Vainshtein, Modern Crystallography I. (Springer-Verlag, New York,1981).
Preparation and Crystal Growth of Materials with Layered Structures. Ed. R. M. A. Lieth, (D. Reidel, 
Boston, 1977).
Intercalation Chemistry Ed. M. Stanley Whittingham, Allan J. Jacobson, (Academic Press, San 
Diego, 1982).
Hiroshi Kamimura, Phvsics of Intercalation Compounds Ed. L. Pietronero, E. Tosatti, (Spinger- 
Verlag, New York, 1981).
High Temperature Superconductivity. Proceedings of the Los Alamos Svmposium-1989. Ed. K. 
S. Bedell, D. Coffey, D. E. Meltzer, D. Pines, J. R. Schrieffer, (Addison-Wesley, New York, 
1990).
